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(57) Abstract 

A bacterial cell containing a functional cytochrome P450 monooxygenase system, said cell comprising a genetic construct capable of 
expiessing a cytochrome P450 and a genetic constnict capable of expressing, separately from said cytochrome P450, a cytochrome P450 
reductase wherein the N-terminus of the cytochrome P450 and the N-terminus of the cytochrome P450 reductase are each adapted to allow 
funcdonal coupling of said cytochrome P450 and said cytochrome P4S0 reductase within said cell. A bacterial cell containing a cytochrome 
P450 comprising a goietic construct encoding, and capable of expressing, said cytochrome P450 wherein the cytochrome P450 comprises 
an N-teiminal portion which directs the cytochrome P450 to a cellular compartment or membrane of the bacterial cell. The bacterial cells 
are useful as. for example, bioreactors. in drug testing and mut^enlciry testing and as a source of cytochrome P450. 
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CYTOCHROME P450 EXPRESSION IN ENTEROBACTERIA 

The present invention relates to the expression of cytochrome P450 in 
bacteria; in particular the invention relates to the expression of an active 
5 eukaryotic cytochrome P450 enzyme system in bacteria, particularly 
Enterobacteria. 

Background and prior art 

10 Cytochrome P450 monooxygenases (P450s) form a superfamily of 
haemoproteins which catalyse the metabolism of a wide range of 
compounds. They catalyse the oxidation of lipophilic chemicals through 
the insertion of one atom of molecular oxygen into the substrate (Porter 
& Coon (1991) J. Biol Chem. 261, 13469-13472). Mammalian P450s 

15 catalyse the metabolism of endogenous and exogenous compounds, 
including steroids, therapeutic drugs and carcinogens (Guengerich (1987) 
in ""Enzymology of rat liver cytochromes P450'\ ed. Guengerich, F.P., 
CRC Press, Boca Raton FL, Vol. 1, pp 1-54; Guengerich & Shimada 
(1991) Chem. Res. Toxicol. 4, 391-407; Gonzalez (1992) Trends in 

20 Pharmacol. Sci. 12, 346-352). The different mammalian P450s exhibit 
a unique but overlapping substrate specificity and display a high regio- and 
stereoselectivity (Crespi et al (1993) Toxicology 82, 89-104). Based on 
tfieir major functions, manmialian P450s can be subdivided into two major 
classes: those involved primarily in the metabolism of steroids and bile 

25 acids, and those which mainly metabolise xenobiotics. The xenobiotic- 
metabolising P450s are typically located in the endoplasmic reticulum of 
certain manmialian cells such as liver cells and are termed microsomal 
P450S. 



30 The compounds metabolised by the latter group of P450s include 
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therapeutic drags such as cyclosporin, nifedipine and debrisoquine as well 
as carcinogens such as poly cyclic aromatic hydrocarbons, nitrosamines and 
arylamines. To be catalytically active, microsomal P450s require a supply 
of electrons which are shuttled from NADPH via the FMN and FAD 
prosthetic groups of NADPH-cytochrome P450 oxidoreductase (P450 
reductase; EC 1.6.2.4) (Smith etal (1994) Proc. Natl. Acad. ScL USA 91, 
8710-8714). 

Comparison of the primary stractures of P450s indicates that they are 
stmcturally related to each other and are most likely derived from a 
common ancestor. Based on their primary stmcture the P4S0s are 
classified into families such as CYPl, CYP2 etc (Nelson et al (1996) 
Pharmacogenetics 6, 1-42). 

Because of the importance of mammalian P450s in the metabolism of 
dierapeutic compounds and carcinogens, attempts have been made to 
express mammalian P450s in heterologous systems. For example, 
mammalian cells have been used to express P450s heterologously as 
described by Doehmer et al (1988) Proc. Natl. Acad. Sci. USA 85, 5769- 
5773; Aoyama et al (1990) Proc. Natl. Acad. ScL USA 87, 4790-4793; 
and Crespi et al (1991) Carcinogenesis 12, 355-359. 

Yeast cells have also been used for the heterologous expression of 
cytochrome P450, for example by Renaud et al (1993) Toxicology 82, 39- 
52 and Bligh et al (1992) Gene 110, 33-39. 

More recently manunalian P450s have been expressed in Escherichia coli. 

Gillam et al (1993) Arch. Biochem. Biophys. 305, 123-131 describes the 
expression of modified human cytochrome P450 3A4 in E. coli and 
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purification and reconstihition of the enzyme. 

Barnes et al (1991) Proc. Natl. Acad. ScL USA 88. 5597-5601 describes 
the expression and enzymatic activity of recombinant cytochrome P450 
5 17a-hydroxylase in E. coli. 

Larson et al (1991) J. Biol. Chem. 266, 7321-7324 describes that 
expression of cytochrome P450 IIEl lacking the hydrophobic NHj- 
terminai segment retains catalytic activity. 

10 

Shimada et al (1994) Carcinogenesis 15, 2523-2529 describes the 
activation of procarcinogens by human cytochrome P450 enzymes 
expressed in E. coli. 

15 Shet et al (1993) Proc. Natl. Acad. Sci. USA 90, 11748-11752 describes 
the enzymatic properties of a purified recombinant fusion protein 
containing NADPH-P450 reductase. 

Shet et al (1995) Arch. Biochem. Biophys. 318, 314-321 describes some 
20 properties of a recombinant fusion protein containing the haem domain of 
human P450 3A4 and the flavin domains of rat cytochrome P4S0 
reductase. 

Jenkins & Waterman (1994) 7. Biol Chem. 269, 27401-27408 describes 
25 that flavodoxin and NADPH-flavodoxin reductase from E. coli support 
bovine cytochrome P450 cl7 hydroxylase activities. 

Fisher et al (1992) FASEB J. 6, 759-764 describes the expression of 
human cytochrome P450 1A2 in £. coli. 

30 
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Fisher et al (1992) Proc. Natl. Acad. ScL USA 89, 10817-10821 describes 
the expression in E. coli of fusion proteins containing the domains of 
mammalian cytochromes P450 and NADPH-P450 reductase flavoprotein. 

5 Chun & Chiang (1991) /. BioL Chem. 266, 19186-19191 describes the 
expression of cholesterol 7a-hydroxylase cytochrome P450 in E. coli. 

Richardson et al (1995) Arch. Biochem. Biophys. 323, 87-96 describes the 
expression of human and rabbit cytochrome P450s of the 2C subfamily in 
E. colL 

Gillam et al (1995) Arch. Biochem. Biophys. 319, 540-550 describes the 
expression of cytochrome P450 2D6 m E. coli. 

Dong & Porter (1996) Arch. Biochem. Biophys. 327, 254-259 describes 
a study in which P450 reductase containing an N-terminal fosion to an 
owpA signal peptide is co-expressed in E. coli with human P450 2E1 in 
which the second codon of the P450 (serme) is replaced with an alanine; 
no other changes to the P450 were made. In vivo activity with whole cells 
could not be demonstrated. 

WO 94/01568 describes the expression of P450|7a-hydroxylase in E. coli 
and also its fusion to a P450 reductase enzyme domain and expression of 
the fusion protein in E. coli. P450 enzyme hybrids, incorporating die N- 
terminal nine amino acids from bovine P450,7o,-hydroxylase are also 
disclosed. 

US 5,240,831 describes expression of P450p^-hydroxylase in E. coli in a 
biologically active form without the need for co-expression or admixture 
of a cytochrome P450 reductase. 
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Gillam et al (1995) Arch. Biochem. Biophys. 317, 374-384 describes the 
expression of cytochrome P450 3A5 in E. coli, 

Gillam et al (1994) Arch. Biochem. Biophys. 312, 59-66, describes the 
5 expression of modified human cytochrome P450 2E1 in E. coll. 

Shet et al (1994) Arch. Biochem. Biophys. 311, 402-417 describes a 
recombinant fusion protein expressed in E, coli containing the domains of 
bovine P450 17A and rat NADPH-P450 reductase. 

10 

Josephy et al (1995) Cancer Res. 55, 799-802 describes the bioactivation 
of aromatic amines by recombinant human cytochrome P450 1A2 
expressed in Salmonella typhimuriim. 

15 Despite the extensive efforts to express an effective eukaryotic, 
particularly mammalian, P450 monooxygenase enzyme system in bacteria 
to date no system which is capable of metabolising compounds in whole 
cells has been devised. This is particularly the case for xenobiotic- 
metabolising P450s which require a P450 reductase for enzymatic activity. 

20 More particularly, no bacterial cell system has previously been devised 
which allows cytochrome P450 and cytochrome P450 reductase to form 
a functional cytochrome P450 monooxygenase system when expressed 
separately in the same bacterial cell. Similarly, despite considerable 
efforts to produce bacteria which express a high level of a eukaryotic 

25 xenobiotic-metabolising P450, no satisfactory system has so far been 
devised. 

One object of the invention is to provide superior systems for expressing 
P450s in a functional form in intact bacterial cells. 



30 
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A further object of the invention is to provide an improved system for 
expressing P450s whether or not with P450 reductase. 

Bacterial systems which express a functional P450 enzyme system in 
5 whole cells are useful as "bioreactors** or they may find uses in drug- 
testing or carcinogen-testing systems or as biosensors or in environmental 
remediation or in the production of hormones and so on. The expression 
of eukaryotic P450s at high levels m bacteria provides a source of P450 
for structural studies. 

10 

Summary of Invention 

A first aspect of the invention provides a bacterial cell containing a 
fiinctional cytochrome P450 monooxygenase system said cell comprising 

15 a genetic construct capable of expressing a cytochrome P450 and a genetic 
construct capable of expressing, separately from said cytochrome P450, 
a cytochrome P450 reductase wherein the N-terminus of the cytochrome 
P450 and the N-terminus of the cytochrome P450 reductase are each 
adapted to allow functional coupling of said cytochrome P450 and said 

20 cytochrome P450 reductase within said cell. 

Preferably, the bacterial cell expresses a cytochrome P450 monooxygenase 
system which has a specific activity of at least 50 pmol/min/mg protein, 
more preferably at least 250 pmol/min/mg protein and still more 
25 preferably at least 500 pmol/min/mg protein. These levels are measured 
using a suitable and effective substrate for the cytochrome P450 
monooxygenase system. Preferably the said preferred specific activities 
are of whole cells but the activities may also be those found in fractions 
of the cells such as the membrane fraction. 

30 
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Thus, a bacterial cell is provided that contains a functional cytochrome 
P450 monooxygenase system said cell comprising a genetic construct 
which expresses a cytochrome P450 and a genetic construct which 
expresses, separately from said cytochrome P450, a cytochrome P450 
5 reductase wherein the said cytochrome P450 and the said cytochrome 
P4S0 reductase functionally couple within said cell. 

By ""cytochrome P4S0'' we include any haem-containing polypeptide which 
gives an absorption maximum in the region of 450 nm ± S nm in a 
10 reduced CO difference spectrum by virtue of the formation of a CO 
adduct of the Fe(II) of said haem. 

It is envisaged that the invention can be practised on any cytochrome 
P450. 

15 

Preferably, the cytochrome P450 is a eukaryotic cytochrome P450; more 
preferably the cytochrome P450 is a mammalian cytochrome P450 and 
still more preferably the cytochrome P450 is a human cytochrome P450. 

20 A large number of cytochrome P450 cDNAs or genes have been cloned 
including a large number of eukaryotic cytochrome P450 cDNA, 
particularly manunalian cytochrome P450 cDNAs. For example. Nelson 
et al (1996) Pharmacogenetics 6, 1-42, incorporated herein by reference, 
lists the known cytochrome P450 cDNA and genes and groups them into 

23 gene families and subfamilies based on the degree of sequence similarity 
and, to some extent, their chromosomal localization. Details of 
cytochrome P450 sequences are also available at the WorldWideWeb site 
http : //drnelson.utmem.edu/homepage .html . 

30 These cytochrome P450 cDNAs and genes can readily be obtained using 
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cloning methods well known in the art, some of which are described 
below and for example, described in Sambrook et al (1989) Molecular 
Cloning, a laboratory manual, Cold Spring Harbor Press, Cold Spring 
House, New York. 

It is particularly preferred if the cytochrome P450 is a member of any one 
of the cytochrome P450 CYPl, CYP2, CYP3 or CYP4 families. It is stUl 
further preferred if the cytochrome P450 monooxygenase system is one 
which metabolises xenobiotics. 

At least some members of the cytochrome P450 families CYPl, CYP2 
and CYP3 are involved in the metabolism of xenobiotic compounds such 
as therapeutic drugs. Members of the cytochrome P450 CYPl family are 
mvolved in the metabolism of, for example, caffeine, benzphetamine, 
phenacetin, theophylline, acetaminophen, antipyrine, 2-hydroxyestradiol, 
imipramine, tamoxifen and Zoxazolamine. Members of the cytochrome 
CYP2 family are involved in the metabolism of, for example testosterone, 
aflatoxin, ben^hetamine, cyclophosphamide, hexobarbital, 6- 
amuiochrysene, retinol, tolbutamide(methyl), phenytoin, S-warfarin, 
tienilic acid, diazepam, propanalol, amitryptyline, bufiiralol, bupranolol, 
clozapine, codeine, debrisoquine, desipramme, dextromorphan, 
ethylmorphine, flecainide, haloperidol, lidocaine, nortryptilline, 
propanolol, sparteine, taxol, tetrahydrocannabinol, progesterone and 
mephenytoin. 

Members of the cytochrome CYP3 fEunily are involved in the metabolism 
of, for example, lovastatin, nifedipine, taxol, teniposide, testosterone, 
verapamil, vinblastine, vincristine, vindesine, benzphetamine, Cortisol, 
cyclosporin A & G, diazepam, dihydroergotamine, estradiol, 
ethynylestradiol, imipramine and lidocaine. 
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More preferably the cytochrome P450 is any one of the P450s CYP3A4, 
CYP2D6, CYP2A6, CYP2E1, CYP2D9 and CYP2C9. 

Conveniently, the cytochrome P450, apart from the adaptation to its N- 
5 terminus, consists essentially of the same polypeptide sequence as the 
native cytochrome P450. However, the term "cytochrome P450" 
specifically includes modifications to native cytochrome P450, for 
example, modifications which alter the length or other properties of any 
hydrophobic N-terminal portion which may be present in the native 
10 cytochrome P4S0 or modifications, such as single or multiple point 
mutations or deletions, which modify the substrate specificity of the 
cytochrome P450 compared to the native cytochrome P450. 

By "cytochrome P450 reductase" we include any NADPH-cytochrome 
15 P4S0 oxidoreductase which is able to transfer electrons from NADPH to 
cytochrome P4S0. Mammalian cytochrome P4S0 reductase contains one 
each of FMN and FAD prosthetic groups. It is preferred if the 
cytochrome P450 reductase is derived from the same species as the 
cytochrome P450 expressed in the bacterial cell. It is particularly 
20 preferred if the cytochrome P4S0 reductase is a manunalian cytochrome 
P4S0 reductase; rat or human cytochrome P450 reductase are especially 
preferred. The human cytochrome P450 reductase cDNA is described in 
Smith et al (1994) Proc, Natl. Acad. ScL USA 91, 8710-8714. The rat 
cytochrome P450 reductase cDNA is described in Porter et al (1990) 
25 Biochemistry 29, 9814-9818. 

Cytochrome P450 reductase cDNAs and genes can readily be obtained 
using cloning methods well known in the art, some of which are described 
below. 
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Conveniently, apart from the adaptation to its N-tenninus, the cytochrome 
P450 reductase consists essentially of the same polypeptide sequence of' 
the native cytochrome P450 reductase. However, the term "cytochrome 
P450 reductase" specifically includes modifications to native cytochrome 
5 P450, for example single or multiple point mutations or deletions which 
modify the cofactor binding. 

It is preferred that when the cytochrome P450 is a human cytochrome 
P450 the cytochrome P450 reductase is human cytochrome P450 
10 reductase. 

By "functional cytochrome P450 monooxygenase system" we mean that 
once the cytochrome P450 and cytochrome P450 reductase are expressed 
in the bacterial cell the cell, by virtue of the presence of said cytochrome 
P450 and said cytochrome P450 reductase, is able to convert a substrate 
for the cytochrome P450 monooxygenase system into a product provided 
that sufficient cofactors, such as NADPH and oxygen, are present. 

By "functional coupling of said cytochrome P450 and said cytochrome 
P450 reductase within the cell" we mean that the cytochrome P450 and 
cytodirome P450 reductase are juxtaposed within the cell so that the 
cytochrome P450 reductase can provide electrons, whether directly or 
indirectly, to the cytochrome P450 during catalysis. The adaptation to the 
N-terminus of the cytochrome P450 or to the N-terminus of the 
cytcxjhrome P450 reductase is merely one that allows functional expression 
and coupling of said cytochrome P450 and said cytochrome P450 
reductase withm the cell. The adaptation may be one which aids die 
juxtaposition of the cytochrome P450 and die cytochrome P450 reductase. 



By "wiUiin the cell" we specifically include that die functional coupling 
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may occur within or associated with any membrane or compartment of the 
cell including the periplasmic space or any membrane associated with the 
periplasm. 

5 It is preferred if, the cytochrome P450 content of a culture of bacterial 
cells optimally expressing the cytochrome P4S0 is at least 100 nmol/1 
culture of whole cells, preferably at least ISO nmol/1 culture of whole cells 
more preferably almost 250 nmol/1 culture of whole cells, still more 
preferably about 500 nmol/1 culture of whole cells and most preferably 

10 about 1000 nmol/1. Typically the cytochrome P450 content is around 200 
nmol/1 culture of whole cells. 

Adaptions to each of the N-terminus of the cytochrome P450 and 
cytochrome P450 reductase which allow functional coupling of said 
15 cytochrome P450 and said cytochrome P450 reductase are discussed 
below. 

Although not essential, it is preferred if the cytochrome P450 or 
cytochrome P450 reductase retams its own N-terminal sequence and that 
20 a further portion, such as a signal peptide as discussed below, is added to 
the N'terminus. of the cytochrome P450 or cytochrome P450 reductase or 
both. 

Although it is envisaged that any aerobic or facultative anaerobic bacterial 
25 cell is suitable, it is preferred if the bacterial cell is Gram-negative and 
more preferred if the bacterial cell is a cell of a bacterium of the family 
Enterobacteriaceae, for example Escherichia coli. The Enterobacteria 
most closely related to E. coli are from the genus Salmonella and Shigella 
and less closely related are the genera Enterobacter, Serratia, Proteus and 
30 Erwinia. E. coli and 5, typhimurium are the most preferred bacterial host 
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cells for the present invention. Strains of E, coli K12 are most preferred 
because E. coli K12 is a standard laboratory strain which is non- 
pathogenic. 



5 Although certain cytochrome P4S0 substrates are able to penetrate into the 
bacterial cell in order to be acted upon by the cytochrome P450 
monooxygenase system it is preferred if the bacterial cell of the invention 
is one which has an increased permeability to a substrate or one which, 
when the bacterial cell is placed in an appropriate medium, becomes more 

10 permeable to the substrate* Additionally or alternatively it is preferred if 
the bacterial cell is one which has altered membrane properties, or a 
membrane whose properties can be altered, to facilitate the membrane 
penetration of the substrates. For example, a tolC mutant of £. coli has 
a more permeable membrane than a wild type E. coli (Chatterjee (1995) 

15 Proc. NatL Acad. ScL USA 92, 8950-8954) and the TA series of 5. 
typhimurium strains have an increased permeability due to a deep rough 
mutation and have been frequently used for mutagenicity testing (see for 
example Simula et al (1993) Carcinogenesis 14, 137M376). S. 
typhimurium TA 97, 98, 100 and 102 as well as TA 1535 and TA 1538 

20 have been used for mutagenicity testing in the pharmaceutical industry 
during drug safety evaluation. The present invention using these and other 
suitable bacterial strains are likely to improve these procedures, since they 
provide a humanized mutagenicity system and do not rely on rodent liver 
extracts (S9 fraction from rodent liver) as the metabolically activating 

25 system. The systems based on the present invention have also the 
advantage that the metabolically activating system and the target for 
mutagenicity, namely the DNA are within the same cell and are not 
physically separate entities as in the standard Ames test. This has the 
advantage that short lived metabolites are better detected and that the 

30 membrane barrier does not stop reactive metabolites to reach their DNA 
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target. This, and other aspects of the invention, are discussed in further 
detail below. 

It is also preferred if the cell is one which can be made more permeable 

5 by placing into the appropriate environment. Although there are many 
buffers systems which are suitable it is preferred if, following the 
expression phase, the bacterial cells, particularly E. cbli cells, are 
resuspended in Tris-sucrose-EDTA, or TSE. TSE is 50 mM Tris. acetate 
(pH 7.6), 0.25 M sucrose, 0.25 mM EDTA. This may increase the 

10 permeability of the cells in several ways. Firstly, the cells are initially 
resuspended in double strengdi buffer, and then diluted rapidly with an 
equal volume of water: This has the effect of causing the release of 
periplasmic proteins, by rupturing the outer membrane momentarily. 
Secondly, EDTA is known to affect permeability directly, and can render 

15 cells more sensitive to certain hydrophobic agents. Thirdly, the Tris in 
the buffer can affect the structure of the lipopolysaccharide in the outer 
membrane, again altering permeability. Further details of ways to 
increase the permeability of the outer membrane of E. coli and Salmonella 
typhimurium is given in Nikaido & Vaara (1987) pp. 7-22 In: ^^Escherichia 

20 coli and Salmonella typhimurium. Cellular and Molecular Biology Vol. 
1. Ed. Neidhardt, F.C., Am. Soc. Microbiol., Washington DC. 

Advantageously, especially when the bacterial cells are used in a 
bioreactor, the cells are solvent-resistant. Solvent-resistant £. coli cells 
25 are known in the art for example from Ferrante et al (1995) Proc. Natl. 
Acad. ScL USA 92, 7617-7621. 

It is preferred if the cytochrome P450 reductase comprises an N-terminal 
portion which directs the cytochrome P450 reductase to a cellular 
30 compartment or membrane of the bacterial cell. It is particularly 
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preferred if the said N-terminal portion directs the cytochrome P450 
reductase to a membrane. 



It is preferred if the cytochrome P450 and the cytochrome P450 reductase 
5 are associated widi a membrane in the bacterial cell. It is particularly 
preferred if the cytochrome P450 and the cytochrome P450 reductase are 
associated with the bacterial inner membrane (particularly in the case of 
E. coll and S. typhimurium), with their active sites located in the 
cytoplasm. 

10 

In one preferred embodiment the N-terminal portion is one which is 
derived from or based on an N-termmal portion of a bacterial protein 
wherein said bacterial protein is one which is directed to the periplasmic 
space or one which is destined for secretion from the bacterial cell. For 
15 example, the E. coli proteins encoded by the ompA^ pelB, malE or phoA 
genes are such bacterial proteins. It is desirable if the presence of the N- 
terminal portion aids the correct folding of the cytochrome P4S0 or 
cytochrome P450 reductase. 

20 Bacterial leader sequences or signal peptides which direct bacterial 
proteins usually into the periplasm have been fused previously to the N- 
terminus of a few mammalian proteins with a view to exporting the 
resulting fusion proteins to the oxidising environment of the periplasm. 
Thus, such bacterial leader sequences or signal peptides have been used 

25 in the expression of mammalian secretory proteins such as 
immunoglobulins or fragments thereof. In contrast, mammalian 
xenobiotic-metabolising cytochrome P450s, when found in the 
endoplasmic reticulum in nature, are usually exposed to a reducing 
environment. 
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Thus, a particularly preferred embodiment is wherein the N-terminal 
portion comprises any one of the ompA, pelB, malE or phoA signal 
peptides or leader sequences or a functionally equivalent variant thereof. 

5 By ''functionally equivalent variant thereof we include any peptide 
sequence which, if present in place in the native said bacterial protein, 
would direct said protein to the same cellular location as the natural signal 
peptide. 

10 It is preferred if the N-terminal portion of each of the cytochrome P450 
and the cytochrome P450 reductase is a signal peptide or signal-peptide 
like N-terminal portion. 

It is particularly preferred if the N-terminal portion is one which competes 
15 with the ompA leader for the general secretory pathway or competes with 
ompA for the signal recognition machinery, including the signal 
recognition particle and trigger factor. 

The general secretory pathway and components thereof are described in 
20 Pugsley (1993) Microbiol. Rev 57, 50-108, incorporated herein by 
reference, and the signal recognition particle and trigger factor are 
described in Valent et al (1995) EMBO J. 14, 5494-5505, incorporated 
herein by reference. Competition assays between ompA signal peptide and 
a putative signal peptide can be carried out using methods known in the 
25 art using the teaching of Pugsley and Valent et al. 

The pelB leader sequence consists of the amino acid sequence 
MKYLLPTAAAGLLLLAAQPAMA (SEQ ID No 1). 

30 The ompA leader sequence consists of the amino acid sequence 
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MKKTAIAIAVALAGFATVAQA (SEQ ID No 2). 
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Signal peptides have certain recognisable common features, which are 
detailed in von Heijne (1986) Nucl Acids Res 14, 4683-4690; Gierasch 
5 (1989) Biochemistry 28, 923-930; and the chapter by Oliver (1987) on 
Periplasm and Protein Secretion, pp. 56-69. Oliver (1987) In: 
'^Escherichia coli and Salmonella typhimuriim Cellular and Molecular 
Biology", Vol. 1, Ed. Neidhardt, F.C., Am. Soc. Microbiol, Washington 
DC. Firstly, there is an N-terminal net positively charged region of 
variable length (n-region). This is followed by a hydrophobic core (h- 
region), of 10 ± 3 amino acids, which is rich m Leu. Ala, Met, Val, He, 
Phe and Trp residues. Finally, there is the c-region of typically 5-7 
amino-acids, which are generally slightly more polar than those in the h- 
region. The most important amino acids in this c-region are those at the 
-3 and -1 positions relative to the site of signal cleavage (the "-3,-1 rule") 
- there appear to be severe constraints on the possible amino-acids which 
can exist in these positions : only those with small side-chains are 
tolerated. Thus, only Ala, Gly, Leu, Ser, Thr and Val have been found 
at -3 (with Ala strongly preferred), and only Ala, Gly, Ser and Thr at -1 
(with Ala again strongly preferred). Evidence suggests that jS-tum 
formation in this signal processing region is important for signal cleavage 
to occur (see, for example, Barkocy-Gallagher et at (1994) J Biol Chem 
269, 13609-13613, and Duffaud and Inouye (1988) J Biol Chem 263, 
10224-10228. 

It is preferred if signal peptide cleavage occurs. Thus, it is preferred if 
a suitable amino-acid sequence immediately downstream of the signal 
peptide, ie. in the protein to be expressed is included, since this still forms 
part of the "cleavage site". For example, a proline in position -h 1 inhibits 
signal removal (Barkocy-Gallagher a/ (1992) 7. Biol. Chem. 1231- 
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1238). Using ompA as an example, it may be that to ensure complete 
cleavage, if this is desirable, that the first few amino-acids of the mature 
ompA protein in the construct, immediately after the ompA leader, and 
inmiediately before the P450 or reductase sequence is included. Signal 
5 peptide cleavage is caused by a specific signal peptidase enzyme, for 
example signal peptidase I. In a preferred embodiment signal peptidase 
I is overproduced in the bacterial cell (for example. E. coli) to aid signal 
peptide cleavage if this is desirable (see van Dijl et al (1991) Mol Gen, 
Genet. 227, 40-48). 

10 

It is particularly preferred if the first two amino acids of the mature 
OmpA protein (ie. Ala Pro) are inserted immediately downstream of the 
ompA signal peptide and before the N-terminus of the P450. 

15 Other preferred possibilities of increasing the probability of signal peptide 
cleavage is to introduce a short Imker sequence between the signal peptide 
and the P450, or expression in different strains may lead to increased or 
reduced signal peptide cleavage compared with, for example, expression 
in DH5a, 

20 

Thus it will be seen that it is preferred if the N-terminal portion is a signal 
peptide which when present in its natural polypeptide has the function to 
mediate the membrane insertion and the export of the national polypeptide 
dirough the cytoplasmic membrane into the periplasmic space. Sequence 
25 of the leader sequence or signal peptide is usually up to 40 amino acid 
residues. It is envisaged that leaders can be modified without altering 
their functional properties. 



In a further embodiment of the invention it is also preferred if the 
30 cytochrome P450 comprises an N-terminal portion which directs the 
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cytochrome P450 to a cellular compartment or membrane of the bacterial 
cell. It is particularly preferred if the said N-terminal portion directs the 
cytochrome P450 to a membrane. 

5 The preferred N-terminal portions in this embodiment are the same as the 
preferred N-terminal portions for the cytochrome P4S0 reductase. It is 
particularly preferred if the N-terminal portion of the cytochrome P450 
comprises any one of the ompA, pelB, malE or phoA signal peptides or 
leader sequences, or a functionally equivalent variant thereof. The ompA 

10 signal peptide is particularly preferred. 

In a further particularly preferred embodiment the N-terminal portion of 
the cytochrome P450 and the N-terminal portion of the cytochrome P450 
reductase each direct the said cytochrome P450 or cytochrome P4S0 

15 reductase to the same cellular compartment or membrane. This is 
particularly advantageous because it increases or improves the functional 
coupling of said cytochrome P450 and said cytochrome P450 reductase 
within the cell} It is particularly preferred if the cytochrome P4S0 and 
cytochrome P450 reductase are directed to the cytoplasmic side of the 

20 inner membranes where access is gained to the bacterial cytoplasmic 
NADPH pool. 

In further preference the N-terminal portion of the cytochrome P450 is 
substantially the same as the N-terminal portion of the cytochrome P450 
25 reductase. 

In a further embodiment the cytochrome P450 comprises an N-terminal 
portion which is adapted to increase the translatability or correct folding 
of said cytochrome P450 in said bacterial cell. 



30 
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Preferably, the cytochrome P450, compared to its native sequence, is 
modified at the N-terminus thereof. 

By "translatability" we mean the efficiency with which a given RNA 
5 molecule can be translated into a polypeptide. 

There are several features of the optimised CYP3A4 sequence which 
improve translatabiiity. 

10 These features include: 

1. Second codon changed to suit E. coli preference (often GCT, 
encoding Ala). This is demonstrated by Looman et al (1987) 
EMBO J 6, 2489-2492. 

15 

2. Codons 4 and 5 made rich in A and T residues (where possible), 
to minimise the potential for mRN A secondary structure around the 
start codon. Minimisation of mRN A structure around the ribosome 
binding site and start codon can have large effects on the 

20 "translatabiiity** (see, for example, Wang et al (1995) Protein Expr 

Purife, 284-290. 

Concerning the use of leader sequences, the principal advantage is that by 
their nature, they are already "optimised" for bacterial expression, since 

25 they come from bacterial genes. This often includes the two features 
described above for example, both pelB and ompA leaders contain AAA 
(Lys) as the second codon, which was the best performing second codon 
in the paper of Looman et al in terms of "translatabiiity". In addition, 
they often have reduced secondary structure around the ribosome binding 

30 site and start codon (see, for example, Movva et al (1980) JMol Biol 143, 
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317-328 on ompA gene structure). 



An additional advantage of using an N-terminal signal peptide fusion 
concerns tlie minimisation of any effect of rare codons in the P450 or 

5 reductase cDNA. For example, the AGA/AGG codon is the least used in 
E. coll (Chen and Inouye (1990) Nucl Acids Res 18, 1465-1473), and 
slows down translation as a result of the limiting availability of the 
corresponding charged tRNA molecule. However, the negative effect of 
such a rare codon reduces as its distance from the start codon increases 

10 (Chen & Inouye, supra). By adding an **optimised" bacterial leader 
sequence (typically 20-25 amino-acids in length) to the N-terminus of the 
P450 (or reductase), any rare codon close to the 5'-end of the P450 cDNA 
will be moved that much further away from the start codon, and therefore 
have much less effect. 

15 

Thus, it is preferred if "translatability'' is improved by one or more of the 
following means: 



1. Removal of rare codons (see Chen & Inouye, supra, such as 
20 AGG/AGA (Arg), CUA (Leu), AUA (He), CCC (Pro), and 

GGA/GGG (Gly) from the P450 or reductase cDNA, especially 
those less than 25-30 codons from the start codon. 

2. As an alternative to, or in conjunction with, the above, introduction 
25 of genes encoding the rare tRNA synthases, for example, the dnaY 

gene for AGG/AGA. 

3. Making other changes to the DNA sequence to reflect E. coli 
preferences, for example, die non-random utilisation of codon pairs 

30 (Gutman & Hatfield (1989) Proc Natl Acad Sci USA 86, 3699- 
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3703). 

4. Making changes to the promoter/ribosome binding site within the 
expression vector in order to minimise secondary structure potential 
5 and to optimise the distance between the ribosome binding site and 

the start codon (see Wang et al (1995), supra). 

It is also preferred if the cytochrome P450 has its N-terminus modified 
according to US 5,240,831 or, for example, by the general method of 
10 Gillam et al (1995) Arch. Biochem. Biophys. 317, 374-384, both of which 
are incorporated herein by reference. 

The bacterial cell of the invention comprises a genetic construct capable 
of expressing a cytochrome P450 and a genetic construct capable of 
15 expressing a cytochrome P450 reductase. 

Conveniently, the cell may contain one genetic construct capable of 
expressing both a cytochrome P450 and a cytochrome P450 reductase or 
the cytochrome P450 and the cytochrome P450 reductase may be 
20 expressed from separate genetic constructs. 

The genetic construct may be DNA or RNA. DNA is preferred. 

The genetic construct is typically an extrachromosomal genetic element 
25 such as a plasmid or bacteriophage genome but the term "genetic 
construct" specifically includes that the genetic construct may be part of 
the bacterial chromosome. For example, the genetic construct may be 
part of a bacteriophage which has lysogenised the bacterial chromosome. 



30 



The genetic construct comprises those genetic elements which are 
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necessary for expression of the cytochrome P450 or cytochrome P450 
reductase in the bacterial cell. 

The elements required for transcription and translation in the bacterial cell 
include a promoter, a ribosome binding site, a coding region for the 
cytochrome P450 or cytochrome P450 reductase. 

In terms of the promoter, it is believed that virtually any promoter 
functional in the selected bacterial cell may be employed. However, 
preferred promoters include the toe, lac UV5, tac, trc, XP^, T7, Ipp, Ipp- 
lac or T3 promoter. Of course, the XPl, T7 and T3 promoters are 
derived from bacteriophage and are known to be functional in bacteria 
such as E. colL 

The use of a regulatable promoter, such as the lac promoter, is preferred. 
It is preferred if a strong promoter, such as the T7 promoter, is not used. 

One will often desire to incorporate an appropriate ribosome binding site 
for effecting bacterial expression into the eukaryotic cytochrome P450 
domain comprising gene. Often, the ribosome binding site and promoter 
can be incorporated as a "cassette", defmed as a contiguous, pre- 
fabricated DN A segment which incorporates the desired elements and has 
useful restriction enzyme recognition sites at its two termini, allowing it 
to be readily inserted at an appropriate point within the desired 
cytochrome P450 gene or cDNA or cytochrome P450 reductase by simple 
genetic manipulation. 

Most conveniently, one may desire to simply employ a promoter and 
ribosome binding site from a homologous system, such as the lac 
promoter and its associated RBS. In general, however, it is proposed that 
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one may employ any effective bacterial ribosome binding site, with those 
RBSs from E. coli, X, T7 or T3 being preferred. Even more preferred 
ribosome binding sites are those from the T7 gene 10, or iE. coli lac A, 
lac Z, trp A, trp 5, trp C, trp D, trp E, trp L, trp R or trp S genes. A 
s particularly preferred ribosome binding site and spacer region comprises 
the sequence 5'-AGGAGGlCAT-3' (SEQ ID No 3), wherein the 
underlined portion comprises the ribosome binding site and the adjacent 
CAT sequence comprises the spacer region. (The spacer region is that 
sequence between the ribosome site and the ATG initiation codon.) 

10 

One will also typically desire to incorporate an appropriate bacterial 
transcription terminator, which fiinctions to terminate the function of 
bacterial RNA polymerases, the enzymes responsible for transcribing 
DNA into RNA into a gene prepared in accordance with the invention. 

15 The requirements for a functional bacterial transcription terminator are 
rather simple, and are usually characterized by a run of T residues 
preceded by a GC rich dyad synmietrical region. The more preferred 
terminators are those from the TRP gene, the ribosomal terminators, rmB, 
or terminator sequences from the T7 phage. In fact, the T7 terminator 

20 sequences contain RNase III cleavage sites with a stem-loop structure at 
the 3' ends of mRNAs which apparently slows down message degradation. 

The genetic construct is capable of propagation in the bacterial cell and is 
stably transmitted to future generations. 

25 

A variety of methods have been developed to operably link DNA to 
vectors via complementary cohesive termini. For instance, 
complementary homopolymer tracts can be added to the DNA segment to 
be inserted to the vector DNA. The vector and DNA segment are then 
30 joined by hydrogen bonding between the complementary homopolymeric 
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tails to form recombinant DNA molecules. 

Synthetic linkers containing one or more restriction sites provide an 
alternative method of joining the DNA segment to vectors. The DNA 
5 segment, generated by endonuclease restriction digestion as described 
earlier, is treated with bacteriophage T4 DNA polymerase or £. coU DNA 
polymerase I, enzymes that remove protruding, 3 '-single-stranded termini 
with their 3'-5'-exonucleolytic activities, and fill in recessed 3 '-ends with 
dieir polymerizing activities. 

10 

The combination of these activities therefore generates blunt-ended DNA 
segments. The blunt-ended segments are then incubated with a large 
molar excess of linker molecules in the presence of an enzyme that is able 
to catalyze the ligation of blunt-ended DNA molecules, such as 
15 bacteriophage T4 DNA ligase. Thus, the products of the reaction are 
DNA segments carrying polymeric linker sequences at their ends. These 
DNA segments are then cleaved with the appropriate restriction enzyme 
and ligated to an expression vector that has been cleaved with an enzyme 
that produces termini compatible with those of the DNA segment. 

20 

Synthetic linkers containing a variety of restriction endonuclease sites are 
commercially available from a number of sources including International 
Biotechnologies Inc, New Haven, CN, USA, 

25 A desirable way to modify the DNA encoding the polypeptide of the 
invention is to use the polymerase chain reaction as disclosed by Saiki et 
al (1988) Science 239, 487-491. 

In this method the DNA to be enzymatically amplified is flanked by two 
30 specific oligonucleotide primers which themselves become incorporated 
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into the amplified DNA. The said specific primers may contain restriction 
endonuclease recognition sites which can be used for cloning into 
expression vectors using methods known in the art. 

5 Suitably, the vectors include a prokaryotic replicon, such as the ColEl ori, 
for propagation in a prokaryote. The vectors can also include an 
appropriate promoter such as a prokaryotic promoter capable of directing 
die expression (transcription and translation) of the genes in a bacterial 
host cell, such as E. coli, transformed therewith* 

10 

A promoter is an expression control element formed by a DNA sequence 
that permits binding of RNA polymerase and transcription to occur. 
Promoter sequences compatible with exemplary bacterial hosts are 
typically provided in plasmid vectors containing convenient restriction sites 
15 for insertion of a DNA segment of the present invention. 

Typical prokaryotic vector plasmids are pUC18, pUC19, pBR322 and 
pBR329 available fi"om Biorad Laboratories, (Richmond, CA, USA) and 
p7rc99A and pKK223-3 available from Pharmacia, Piscataway, NJ, USA. 

20 

Transformation of appropriate cell hosts with a DNA construct of the 
present invention is accomplished by well known methods that typically 
depend on the type of vector used. With regard to transformation of 
bacterial host cells, see, for example, Cohen et al (1972) Proc. Natl. 
25 Acad. ScL USA 69, 2110 and Sambrook et al (1989) Molecular Cloning, 
A Laboratory Manual, Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY. 

Electroporation is also useful for uansforming cells and is well known in 
30 the art for transforming bacterial cells. 
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For example, many bacterial species may be transformed by the methods 
described in Luchansky et al (1988) Mol. Microbiol. 2, 637-646 
incoiporated herein by reference. The greatest number of transformants 
is consistently recovered following electroporation of the DNA-cell 
5 mixture suspended in 2.5X PEB using 6250V per cm at 25/iPD. 

Successfully transformed cells, ie cells that contain a DNA construct 
capable of expressing said cytochrome P450 or cytochrome P450 
reductase, can be identified by well known techniques. For example, cells 

10 resulting from the introduction of an expression construct of the present 
invention can be grown to produce the cytochrome P450 or cytochrome 
P4S0 reductase. Cells can be harvested and lysed and their DNA content 
examined for the presence of the DNA using a method such as that 
described by Southern (1975) J. Mol. Biol. 98, 503 or Berent et al (1985) 

15 Biotech. 3, 208. Alternatively, the presence of the protein in the 
supernatant can be detected using antibodies as described below. 

In addition to directly assaying for die presence of recombinant DNA, 
successful transformation can be confirmed by well known immunological 
20 methods when the recombinant DNA is capable of directing the expression 
of the protein. For example, cells successfully transformed with an 
expression vector produce proteins displaying appropriate antigenicity. 
Samples of cells suspected of being transformed are harvested and assayed 
for the protein using suitable antibodies. 

25 

Thus, m addition to the transformed host cells themselves, the present 
invention also contemplates a culnire of those cells, preferably a 
monoclonal (clonally homogeneous) culture, or a culture derived from a 
monoclonal culture, in a nutrient medium. 

30 
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In a further preferred embodiment the bacterial cell ftirther comprises a 
genetic construct capable of expressing a polypeptide cofactor which aids 
the correct folding of the cytochrome P450 or the cytochrome P450 
reductase. 

5 

The presence of such a polypeptide cofactor is especially preferred when 
expressing the cytochrome P450 or the cytochrome P450 reductase from 
a strong promoter where, in the absence of the polypeptide cofactor, the 
cytochrome P450 or cytochrome P450 reductase may form non-functional 
10 inclusion bodies. 

Preferably, the polypeptide cofactor is a molecular chaperone such as the 
Gro ELS complex, SecB, SecD, SecF, the DnaJ/DnaK/GrpE complex, 
peptidylprolyl-c/5, trans isomerases, protein disulphide isomerase-like 
15 proteins encoded by the genes dsbA, dsbB, dsbC and dsbD, the 
periplasmic chaperone encoded by clpB or thioredoxin. The solubility of 
foreign proteins expressed in E, coli has been increased by the 
coproduction of bacterial thioredoxin (Yasukawa et al (1995) J. Biol. 
Chem. 270, 25328-25331; incorporated herein by reference). 

20 

It may also be usefiil to use the following systems or host or expression 
systems. 

1. The use of protease-deficient strains of E. coli (for example, 
25 ompT, Ion', degP'), which may reduce degradation of the expressed 
protein(s). A set of E. coli strains deficient in all known loci affecting 
proteolytic of secreted recombinant proteins is described in Meerman & 
Georgion (1994) Biotechnology 12, 1107-1110. 



30 2. 



The expression of the P450 and/or reductase as a fusion protein 
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with, for example, ubiquitin (Baker et al (1994) J. BioL Chem. 269, 
25381-25386), tbioredoxin (eg pTrxFus vector from Invitrogen), 
glutathione S-transferase (eg pGEX vectors from Pharmacia) or protein A 
(eg pRIT2T vector from Pharmacia), any of which may enhance 
5 expression. 

In a still further preferred embodiment the bacterial cell further comprises 
a genetic construct capable of expressing a polypeptide cofacior which aids 
transfer of electrons between the cytochrome P450 and the cytochrome 
10 P450 reductase. Preferably, the said cofactor is cytochrome or the 
FMN domain of a cytochrome P450 reductase. 

Other cofactors which may aid the transfer of electrons include 
adrenodoxin/adrenodoxin reductase and NADH cytochrome ^5 reductase 

15 (in conjunction with cytochrome b^). It is believed to be of particular 
benefit to use a cofactor which takes electrons from NADH, rather than 
NADPH in the present invention, or even to use both cofactors together, 
especially when dealing with whole cell metabolism C'bioreactors**). This 
is because the intracellular ratio of (NAD + NADH) to (NADP + 

20 NADPH) in E. coli is about 4:1. Therefore, there is a far greater 
potential for P450 reduction (and therefore enzyme activity) if the 
reducing equivalent is NADH rather than NADPH. In conjunction with 
this, the invention includes additions or modifications which may lead to 
an increase in the cytoplasmic pool of NADH and/or NADPH as a means 

25 of increasing enzyme activity in whole cells. This includes addition of 
precursors to the extracellular medium (those for which an uptake 
mechanism exists, such as nicotinamide), or inhibition of enzymes which 
destroy NADPH. 



30 The FMN domain of cytochrome P450 reductase can be expressed as 
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described in Smith et al (1994) Proc. Nail Acad. ScL USA 91, 8710-8714 
and cytochrome bs can be expressed as described in Holmans et al (1994) 
Arch. Biochem. Biophys. 312, 554-565. It is preferred if a polypeptide 
cofactor which aids transfer of electrons is included when the cytochrome 
5 P450 is any one of CYP3A4, CYP3A5, CYP3A7. CYP2E1 and CYPlAl . 
It is particularly preferred if cytochrome is co-expressed with any one 
of CYP3A4, CYP3A5, CYP3A7 or CYP2E1. 

It is also particularly preferred if the FMN domain is co-expressed with 
10 CYPIAI. 

Although it is envisaged that in some instances the said cofactor may 
comprise an N-terminal portion which directs the cofactor to a cellular 
compartment or membrane of the bacterial cell, it is preferred if no such 
15 modifications are made to cytochrome bj or the FMN domain of 
cytochrome P450 reductase when they are expressed in the bacterial cell. 

A further embodiment comprises a bacterial cell of the invention further 
comprising a genetic construct capable of expressing any one of an 
20 enzyme capable of metabolismg the product of a reaction catalysed by the 
cytochrome P450 monooxygenase system. 



In order to attempt to mimic to metabolism of a compound by a 
eukaryotic, especially manmialian, cell or an organ from an animal, 

25 especially a mammal, it is desirable to express in the bacterial cell of the 
invention one or more further polypeptides which, in the eukaryotic cell 
or in the animal may metabolise further the product of the cytochrome 
P450 monooxygenase system. This is particularly beneficial when the 
bacterial cell of the invention is used for mutagenicity testing or as a 

30 model for drug metabolism. 
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Conveniently, the enzyme is any of a glutathione S-transferase, an epoxide 
hydrolase or a UDP-glucuronosyl transferase. Other enzymes include 
sulfotransferase. N-acetyltransferase, alcohol dehydrogenase, 7-glutamyl 
transpeptidase, cysteine conjugate jS-lyase, methyltransferase, 
5 thioltransferase, DT*diaphorase, quinone reductase or glyoxalase. 

It will be appreciated that because several genetic constructs may be 
present in the same bacterial cell, for example constructs expressing 
cytochrome P450 and cytochrome P450 reductase and sometimes also 

10 cytochrome bj or an FMN domain of cytochrome P450 reductase or a 
further enzyme, it is convenient if bacterial strains are provided which 
have one or more of the genetic constructs integrated into then- 
chromosome and that these strains can then be used as a ''master'' strain 
for the introduction of further genetic elements. For example, it is 

15 particularly preferred if the bacterial "master" strains comprise a 
cytochrome P450 reductase genetic construct integrated into the bacterial 
chromosome. It is also preferred if the bacterial "master" strams 
comprise a genetic construct or constructs which express both cytochrome 
P450 reductase and cytochrome bj from the bacterial chromosome. These 

20 ''master" strains are then transformed with a genetic construct capable of 
expressing a cytochrome P450. 

A further aspect of the invention provides a method of culturing a cell of 
the first aspect of the invention. Any suitable culture medium may be 
25 used. It is preferred if a nutrient-rich broth, such as Terrific broth, is 
used. It is also preferred if the culnire medium contains a compound 
which aids haem synthesis; 6-amino levulinic acid (ALA) is particularly 
preferred. 

30 It will be appreciated that in all aspects of the invention where a bacterial 
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cell contains two or more genetic constructs those genetic constructs are 
compatible with each other in the same bacterial cell. In general, genetic 
constructs which are integrated into the chromosome are compatible with 
one another and two genetic constructs are usually compatible with one 

5 another when one is integrated into the chromosome and the other is an 
autonomous replicon such as a piasmid. In general, when there are two 
or more different plasmids without the same cell which constitute the 
genetic constructs of die invention it is desirable if they are compatible 
plasmids, for example plasmids which have different origins of replication. 

10 It is also desirable if the different plasmids encode different antibiotic 
resistance genes so that all of the different plasmids can be selected when 
the bacterial cell is grown in culture. 

A second aspect of the invention provides a method of converting a 
IS substrate for cytochrome P450 into a product, the method comprising 
admixing said substrate with a bacterial cell according to the first aspect 
of the invention wherein said cell contains a functional cytochrome P450 
monooxygenase system which can convert said substrate. 

20 A third aspect of the invention provides the use of a bacterial cell 
according to the first aspect of the invention for converting a substrate of 
a cytochrome P450 into a product. 

The bacterial cells of the invention will find uses in many fields of 
25 technology, particularly those cells of the fu-st aspect of the invention 
which express a functional cytochrome P450 monooxygenase system. 

The following are some specific uses to which the bacterial cells of the 
invention can be put but it is envisaged that there are many other uses, for 
30 example whenever it is desirable to convert a cytochrome P450 substrate 
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into a product. 

a) Drug development and drug testing 

5 Bringing safe new drugs onto the market is expensive, complicated and 
protracted. Efficacy and safety of the market product, with respect to 
pharmacokinetic parameters, drug/drug interactions and toxicity, are 
critically dependent on the models employed for drug development. A 
major advance in drug development would result if the shortcomings of 
10 lead compounds could be predicted at the earliest stage of development. 

There are serious problems in extrapolating pharmacotoxicological data 
from animal models to man. These are often due to pronounced species 
differences in the catalytic properties of drug metabolizing enzymes, which 
15 determine the pharmacological and the toxicological properties of most 
therapeutic drugs. 

The bacterial cells, particularly £. coli and S. typhimurium cells, which 
form part of the present invention and which express functional P450 

20 monooxygenase systems, are ideal models for mimicking human drug 
metabolism and are easier to handle than yeast and mammalian cell based 
models. These cells allow the high throughput screening of drugs with 
respect to optimized drug metabolism properties. This issue becomes 
particularly important with the advent of combinatorial chemical libraries 

25 which necessitate the evaluation of the drug metabolism properties of 
several hundred compounds within a short time. 

In this embodiment it is useful if the bacterial cells also express other 
drug-metabolizing enzymes as described herein. 

30 
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b) Bioreactors 

The bacterial cells of the invention, because of the high substrate, regio 
and stereoselectivity of the oxidative reactions catalyzed by P450s are 
5 useful for the synthesis of fme or bulk chemicals and the synthesis of 
intermediates of chemical reactions. 

In this embodiment it is clear that a bacterial cell of the invention is 
selected which expresses a cytochrome P450 with the appropriate substrate 

10 specificity. The substrate specificity of many cytochrome P450s is known 
in the art and so the appropriate cytochrome P450 can be readily selected. 
However, as more cytochrome P450 genes are found it will be possible 
to use those in the mvention and, indeed, the bacterial cells of the 
invention, which express a new cytochrome P450 can be used to 

15 determine its substrate specificity. 

It will be appreciated that because some cytochrome P450s are able to 
convert alkanes to alcohols or aromatic compounds to phenolic compounds 
the bacterial cells of the invention are useful in the bulk chemical industry 

20 where such alcohols and phenolic compounds are requu-ed. However, 
many of the reactions catalysed by cytochrome P450s make the cells of the 
invention useful in the fine chemical and pharmaceutical mdustries where 
selective oxidation (including hydroxy lation) of complex structures is often 
required. It is believed that the cells of the invention are particularly 

25 suited to the synthesis of steroid hormones and analogues thereof. 

c) Biocatalysis 

The systems developed in the present invention will allow rapid functional 
30 testing of P4S0 variants generated by site directed mutagenesis. It will be 
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therefore possible to generate within a short time novel P450s with 
improved catalytic properties. 

5 d) Bio- and chemo- sensors 

The bacterial cells of the invention are also useful as bio- or chemo- 
sensors. In particular membranes isolated from the cells are usefiiK 
Binding of substrates (which are the molecules to be sensed or detected) 
10 can cause a change of potential when the bacterial cell or the membranes 
isolated from the cell are present on an electrode surface thereby allowing 
detection of the substrate molecule. The use of inunobilised cells for 
detection and analysis is described m Kambe & Nakanishi (1994) Current 
Opinion in Biotechnology 5, 54-59. 

15 

e) Bioremediation 

The bacterial cells of the invention are also useful in bioremediation. For 
example, cytochrome P450 monooxygenase systems are able to detoxify 
20 harmful compounds. The appropriate bacterial cells expressing an 
appropriate cytochrome P450 which can oxidise the harmful compound is 
useful in rendering the said compound less harmless. 

f) Carcinogenicity testing 

25 

As is described in more detail else where, the cells of the invention, 
particularly S. typhimurium cells, are useful in carcinogenicity testing. 

Although it is envisaged that the cells of the invention are especially useful 
30 because they provide a functional cytochrome P450 monooxygenase 
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system within an intact cell, it is also part of the invention that membranes 
are isolated from said cells and that said membranes are enriched in the 
cytochrome P450 monooxygenase system compared with whole cells. 
Membrane isolation from bacterial cells is well known in the art. 
5 Membrane isolation from cells of the invention is described in more detail 
in the Examples. 

A fourth aspect of the invention provides a bacterial cell containing a 
cytochrome P450 said cell comprising a genetic construct capable of 
10 expressing, said cytochrome P450 wherein the cytochrome P450 
comprises an N-terminal ponion which directs the cytochrome P450 to a 
cellular compartment or membrane of the bacterial cell. 

It is preferred if the N-terminal portion directs the cytochrome P450 to a 
IS membrane. 

It is further preferred if the N-terminal portion comprises the ompA, pelB, 
malE or phoA signal peptide or a functionally equivalent variant thereof. 

20 The preferred features of the N-terminal portion, particularly those of the 
signal peptides or leader sequences, are those preferred in the previous 
aspects of the invention. 

It is still further preferred if the cytochrome P450 further comprises a 
25 peptide sequence which will aid purification of the cytochrome P450 from 
the bacterial cell; more preferably wherein said peptide sequence 
comprises a binding site for a compound. 

It is particularly preferred if said peptide sequence is a -(His-)„ where n 
30 > 4 and said compound is nickel. 
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It is contemplated that the fourth aspect of the invention is useful both for 
those cytochrome P450s which ordinarily couple with cytochrome P450 
reductase and for other cytochrome P450s such as those which couple 
adrenodoxin/adrenodoxin reductase or equivalent electron transfer 

5 compounds. Thus, in a preferred embodiment of the fourth aspect of the 
invention, the cell further comprises a genetic construct capable of 
expressing each, or both, of adrenodoxin or adrenodoxin reductase of 
equivalent electron transfer components. By "equivalent electron transfer 
components" we include all other functionally-equivalent components 

10 which can transfer electrons from NADH to cytochrome P450, 
particularly those components whose natural function is to transfer 
electrons from NADH to particular cytochrome P450s. 

A fifth aspect of the present invention provides a method of preparing 
15 cytochrome P450, the method comprising the steps of (a) providing a 
sufficient quantity of cells according to the fourth aspect of the invention 
and (b) separating the cytochrome P450 from the other cellular 
compartments. 

20 A further aspect of the invention provides a genetic construct capable of 
expressing a cytochrome P450 wherein the cytochrome P450 comprises 
an N-terminal portion which directs the cytochrome P450 to a cellular 
compartment or membrane of a bacterial cell. The preferred features of 
the N-terminal portion are those preferred in relation to the other aspects 

25 of the invention. It is particularly preferred if the N-terminal portion 
comprises the ompA, pelB, melE or phoA signal peptide or a functionally 
equivalent variant thereof. Other preferred features of the genetic 
construct are those preferred in the previous aspects of the invention. A 
still further aspect of the invention provides a plurality of bacterial cells 

30 of the first or fourth aspects of the invention, each cell containing a 
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genetic construct capable of expressing a different cytochrome P450 or 
containing a genetic construct or constructs which encode different 
combinations of cytochrome P450 and cytochrome P450 reductase and, if 
appropriate, other polypeptides such as those which aid electron transfer 
5 or those which will further metabolise the product of the reaction of the 
cytochrome P450 monooxygenase system with a substrate. 

Such a plurality (or library) of cells can conveniently be stored, for 
example in suitable conditions in a freezer and, for example, in a 
10 microtitre plate, each well containmg a different bacterial cell. The 
plurality of cells may be useful for drug-testing or carcinogenicity testing 
and for other purposes such as those described above. 

The invention is described in more detail below with reference to the 
IS following Examples and Figures. 

Figure 1: Construction of pB216 

Plasmid NF14 was modified by replacement of an existing transcription 
20 terminator by an annealed oligonucleotide pair consisting of a trpA 
terminator with Sail and Bg/II ends. This modification removed a second 
BgUl site, allowmg subsequent cloning at the remaining BgUl site, and 
creating the plasmid pB215, A Bc/I-Sg/II fragment containing pelB- 
reductase with a P^^^Pwr promoter was subcloned from pB207 into the BgRl 
25 site of pB215, to make the co-expression plasmid pB216. The orientation 
of the /?e/fi-reductase insert was found to be as shown. 



WO98/025S4 PCT/GB97/01917 

38 

Figure 2: Western blot of membrane fractions containing reductase 
and CYP3A4 expressed in E. coU 



10 /ig of each membrane fraction was loaded onto each track. The order 
5 of loading is shown along the top of the blot. Each expression sample is 
shown alongside its uninduced counterpart. The immunodetection was 
carried out using antibodies against reductase and CYP3A. A human liver 
microsome track (10 ng microsomal protein) was included as a reference 
track. 

0 

Figure 3: A representation of the two expression vectors used in this 
study. 



Plasmid pCW (Fig 3A) contains a co/£7 origin of replication and the beta- 
lactamase gene, giving resistance to antibiotics such as ampicillin and 
carbenicillin. It was used for the expression of the P450 cDNAs. 
Plasmid PACYC184 (Fig 3B) contains ^pl5A origin of replication, aiid 
was used for expression of the P450 reductase cDNA, when a P450 
cDNA was being concomitantly expressed from pCW. The antibiotic used 
for selection of pACYC184 was chloramphenicol. Unique restriction sites 
are shown in bold. 

Figure 4: Western blot showing expression of P450 reductase in 
bacterial membranes. 

Proteins were separated by SDS-PAGE. transferred onto nitrocellulose 
membrane, and dien probed with rabbit anti-r«ductase primary antibody 
and horseradish peroxidase-linked anti-rabbit IgG secondary antibody. 
Detection was by chemiluminescence. Protein loading was 10 ^g per 
track. Expression of die wild-type P450 reductase cDNA under non- 
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inducing and inducing conditions is shown in tracks 1 and 2, respectively. 
Corresponding expression of a bacterial pelB Ieader-P450 reductase N- 
terminal fusion protein is shown in tracks 3 and 4. A sample of human 
liver microsomes is shown in track 5 for comparison. Reductase activities 
5 (in nmol cytochrome c reduced per min per mg protein) are given below 
the figure. 

Figure 5: Western blot showing the expression of pelB-^ and ompA- 
CY3A4 in bacterial membranes. 

10 

Proteins were separated by SDS-PAGE on a 9% acrylamide gel, 
transferred onto nitrocellulose, and probed with rabbit anti-CYP3A 
primary antibody and horseradish peroxidase-linked anti-rabbit IgG 
secondary antibody. Detection was by chemiluminescence. Lanes 2 and 
15 3 contain membranes isolated from bacteria expressing either pelB- 
CYP3A4 or ompA-CYP3A4, respectively (24 /xg protein per track). Lane 
1 contains a sample of human liver microsomes for comparison (8 fig 
protein). 

20 Figure 6: Reduced Fe-CO spectra obtained from whole bacteria 
expressing peiB-CYP3A4 (Fig. 6A) amM-CYP3A4 (Fig. 6B), or 
membranes derived from these cells. 

Aliquots of cells or membranes were diluted 1 :20 into 100 mM Tris-HCl , 
25 pH 7.4, containing 20% glycerol, 10 mM CHAPS and 1 mM EDTA, 
reduced by the addition of a few crystals of sodium dithionite, and then 
divided equally between a pair of matched glass cuvettes. Following 
determination of a baseline spectrum over the range 500 to 400 nm, the 
sample cuvette was bubbled gently with CO for about 1 minute. The scan 
30 was then repeated, and P450 content estimated using an extinction 
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coefficient of 91 mM ' cm '. 

Figure 7: Summary of tlie expression levels of CYP3A4 from different 
constructs in E. coU, as estimated from the reduced Fe^O difference 
5 spectra (see above). 



Results are expressed as mean ± SD, with the number of determinations 
in parentheses. Cells were grown under standardised conditions (Terrific 
Broth, 30°C, 24 h induction) ± 0.5 mM 6-ALA. 

Figure 8: Western blot showing the expression of o/iipA-CYP2D6 in 
bactmal membranes. 



Prolems were separated by SDS-PAGE on a 9% acrylamide gel, 
15 transferred onto nitrocellulose, and then probed with a mixmre of rabbit 
anti-CYP2D6 and anti-reductase primary antibodies, followed by 
horseradish peroxidase-linked anti-rabbit IgG secondary antibodies. 
Detection was by chemiluminescence. Tracks 1 to 4 each contain 2.5 ng 
bacterial membrane protem. Track 5 contains 10 |ig human liver 
microsomes, and track 6 protem standards. Membranes were isolated 
from cells carrying the empty expression vector, pCW (lane 1), ompA- 
2D6 alone (lane 2), or ompA-2D(t plus P450 reductase, cultured either ui 
the absence (lane 3) or presence (lane 4) of the haem precursor delta- 
aminolevulinic acid. 

Figure 9: Reduced Fe-CO spectra obtained from whole bacteria 
expressing ompA-CYVim alone (Fig. 4A), ompA-CYVim co- 
expressed with P450 reductase (Fig. 4B), or membranes derived from 
these cells. 
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Aliquots of cells or membranes were diluted 1:20 into 100 mM Tris-HCl, 
pH 7.4, containing 20% glycerol, 10 mM CHAPS and 1 mM EDTA, 
reduced by the addition of a few crystals of sodium dithionite, and then 
divided equally between a pair of matched glass cuvettes. Following 
5 determination of a baseline spectrum between 500 and 400 nm, the sample 
cuvette was bubbled gently with CO for about 1 min. The scan was then 
repeated, and P450 content estimated using an extinction coefficient of 91 
mM'^ cm *. 

10 Figure 10: Summary of the observed levels of o/ii/ii4-CYP2D6 when 
expressed alone or co-expressed with P450 reductase in E. coli, as 
estimated from the reduced Fe-CO spectra (see above). 

Results are expressed as mean ± SD, widi the number of detemiinations 
15 in parentheses. Cells were grown under standardised conditions (Terrific 
Broth, 30X, 24 h induction) ± 0.5 mM 6-ALA. 

Figure 11: Kinetic parameters determined for the 1' -hydroxy lation of 
bufuralol in bacterial membranes co-expressing ompi4-CYP2D6 and 
20 P450 reductase. 

Membranes were incubated at 37 °C with varying concentrations of 
substrate (0-100 /xM) in the presence of a NADPH generating system, 
under conditions which gave linear product formation with respect to 
25 protein and time (not shown). The extent of product formation was 
assessed by reversed-phase HPLC, with reference to authentic standard. 
Kinetic parameters were estunated from a double-reciprocal plot of initial 
velocity against substrate concentration. 

30 Figure 12: F450 yield achieved in E. coli using the gene fusion strategy 
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in comparison to the yield obtained by others after modifymg the P450 
N-terminus by deletions and mutations. 

Figure 13: Reduced Fe-CO spectra obtained from whole bacterial 
5 expressing 0OTpA-CYP2A6, or from membranes derived from these 
cells. 

Aliquots of cells or membranes were diluted 1:20 into 100 mM Tris-HCl, 
pH 7.4, containing 20% glycerol. 10 mM CHAPS and 1 mM EDTA, 

10 reduced by the addition of a few crystals of sodium dithionite, and then 
divided equally between a pair of matched glass cuvettes. FoUowmg 
determination of a baseline spectrum between 500 and 400 nm, the sample 
cuvette was bubbled genUy with CO for 1 mm. The scan was repeated, 
and P450 content estimated using an extmction coefficient of 91 mM ' 

15 cm'. 

Figure 14: Summary of the observed levels of ompA-CYVlA6 when 
expressed in E. cott, as esthnated from the reduced Fe-l:0 spectra (see 
above). 

20 

Results are expressed as mean ± SD, n=3. Cells were grown under 
standardised conditions (Terrific Broth. 30°C, 24 h induction) in the 
presence of 6-aminolevulinic acid (0.5 mM). 

Figure 15: Western blot showing the expression of ompA-CYP2El m 
bacterial membranes. 

Proteins were separated by SDS-PAGE on a 9% acrylamide gel. 
transferred onto nitrocellulose, and probed with sheep anti-CYP2El 
primary antibody and horseradish peroxidase-lmked anti-sheep IgG 
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secondary antibody. Detection was by chemiliiminescence. Lane 2 
contains membranes isolated from control bacteria harbouring the empty 
expression plasmid, pCW, and lane 3 membranes isolated from bacteria 
expressing ompA-CY?2El (24 fig protein per track in each case). Lane 
5 1 contains a sample of human liver microsomes for comparison (8 fig 
protein). 

Figure 16: Reduced Fe-CO spectra obtained from whole bacteria 
expressing ompA'CYVlEl, 

10 

Aliquots of cells were diluted 1:20 into 100 mM Tris-HCl, pH 7.4, 
containing 20% glycerol, 10 mM CHAPS and 1 mM EDTA, reduced by 
the addition of a few crystals of sodium dithionite, and then divided 
equally between a pair of matched glass cuvettes. Following 
15 determination of a baseline scan from SOD to 400 nm, the sanq)le was 
bubbled gently with CO for 1 min. The scan was repeated, and P450 
content estimated using an extinction coefficient of 91 mM"' cm '. 

Expression level: 451 nmol/1 culture in whole cells. 

20 

Figure 17: Metabolism of nifedipine by CYP3A4 in intact JM109, 
AB1157, NS3678 and TA1535 [pB216] cells 

Incubations were carried out in M9 salts supplemented with glucose 
25 (lOmM) at 37'C with shaking (200 rpm). 0.5 ml of lOx concentrated 
cells was added to 4.5 ml of buffer and pre-equilibrated at 37*'C for 5-10 
min before addition of nifedipine to a fmal concentration of 200^M. At 
intervals 200;il aliquots were removed and processed for HPLC analysis 
as described in Materials and Methods, in Example 4. 

30 
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Figure 18: Metabolism of testosterone by CYP3A4 in intact JM109, 
AB1157, NS3678 and TA1535 [pB216] cells 

Incubations were carried out in M9 salts supplemented with glucose 
5 (lOmM) at Zl'C with shaking (200 ipm). 0.5ml of lOx concentrated cells 
was added to 4.5ml of buffer and pre-equUibrated at ST^C for 5-10 min 
before addition of testosterone to a final concentration of 200^M. At 
intervals 200^1 aliquots were removed and processed for HPLC analysis 
as described in Materials and Methods, in Example 4. 

10 

Example 1 

Materials and Metliods 
Bacterial strains and plasmids 

Co-expression was compared in the E. coli K12 strains JM109 (Yanisch 
et al (1985) Gene 33, 103-19) and DH5a (Woodcock et al (1989) Nucleic 
Acids Res 17, 3469-78), and the strain selected and used throughout was 
JM109. The vector pCW was used for the expression of reductase, as diis 
has previously been used successfiiUy for expression of several mammalian 
P450 cDNAs, including CYP3A4 (GUlam et al (1993) Arch. Biochem. 
Biophys. 305, 123-131). The plasmid pB207 comprises the pCW vector 
containing the human reductase cDNA translationally fused to the bacterial 
pelB signal sequence. The sequence of the 5' end of the cDNA is: 
fATGAAATACrrnrT GCCGACCGCTGCTGCTGATCTGCTGrTrr 
TCGCTGCcrAnrrnnrnATnnrr ATnn^T^T^^^^,^Trrn \ \rr 
CCGCAACATG-human reductase cDNA (~2 kb)] (SEQ ID No 4), 
where the pelB leader sequence is shown underlined and the native 
reductase ATG is shown in bold. NF14 (pCW containing an optimised 
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C YP3A4 sequence) was constructed in such a way as to be identical to 
that of Gillam et al (Gillam et at (1993) Arch. Biochem. Biophys. 305, 
123-131). Plasmid pB215 was constructed by replacing the SaH-BgUl 
fragment of NF14 that contains a transcription terminator with a Sall-BgUl 
5 double-Stranded oligonucleotide containing a trpA transcription terminator 
of the following sequence (top strand only shown): 
TCGACAGCCCGCCTAATGAGCGGGCTTTTTTTTA (SEQ ID No 5). 
A BcH'Bgni fragment from pB207 containing the prfB-reductase cDNA 
with its expression signal was subcloned into pB215 at the unique Bgill 
10 site to create pB216. 

Co-expression of CYP3A4 and reductase in £. coli 

Expression conditions were a modification of those described previously 
15 (Gillam et al (1993) Arch. Biochem. Biophys. 305, 123-131). JM109 cells 
were transformed with pB216 as described (Inoue et al (1990) Gene 96, 
23-8) and transformants isolated on LB agar plates containing 50 /xg/ml 
ampicillin. Single colonies were prepared, and were used to inoculate 5 
ml starter cultures in LB broth containing ampicillin, which were grown 
20 with shaking at 37 ^^C overnight. Expression cultores were generally 100 
ml cultures (in 1 1 flasks) contammg Terrific Broth modified and 
supplemented as described (Gillam et al (1993) Arch. Biochem. Biophys. 
305, 123-131). Expression cultures were inoculated with 1 ml overnight 
culture and grown shaking at 200 rpm, 30''C for 4-5h prior to induction 
25 with 1 mM IPTG and addition of 0.5 mM 5-aminolevulinic acid. Growth 
and expression of heterologous proteins was then continued for 20-24h at 
30''C, widi 200 rpm shaking. 

Harvesting cultures and determination of expression levels 

30 
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Cells were harvested and resuspended in 5 mllOO inM Tris. acetate (pH 
7.6), 0.5 M sucrose, 0.5 mM EDTA (2 x TSE) as described (Gillam et 
al (1993) Arch. Biochem. Biophys. 305, 123-131). An equal volume of 
ice-cold distilled water was then added. The CYP3A4 content was 

5 determined using Fe^* - CO vs Fe^^ difference spectra by adding 50 ^1 
whole cell suspension in 1 x TSE to 950 ii\ 100 mM Tris.Cl (pH 7.4), 10 
mM CHAPS, 20% v/v glycerol, 1 mM EDTA and reducing by adding a 
few grains of sodium dithionite. A baseline of zero absorbance was 
recorded between 500 and 400 nm, then the sample cuvette was bubbled 

10 under a steady stream of CO for about 1 minute. A spectrum was then 
recorded and die yield of spectrally active CYP3A4/1 culmre determmed. 
At this stage, an aliquot of whole cells was withdrawn for metabolism 
studies. Membrane fractions were isolated from the remaining cells as 
described (Gillam et al (1993) Arch. Biochem. Biophys. 305, 123-131). 

15 The CYP3A4 and reductase content of the membranes was determined. 
The yield of active reductase was evaluated by a spectrophotometric assay, 
as follows. To 990 /xl 50 /iM cytochrome c in 0.3 M potassium phosphate 
buffer (pH 7.7), 1-10 ^g membrane protein was added, and a baseline 
recorded. 50 NADPH was added and AAjm^ was recorded over 

20 time. To determine the P450 contents of membranes, spectra were 
obtained as for whole cells. 

Immunodetection of heterologously expressed CYP3A4 and reductase 

25 10 /ig membrane protein was loaded per track onto a SDS-9% 
polyacrylamide gel, and the protems separated by electrophoresis. 
Proteins were then transferred to an ECL-nitrocellulose membrane 
(Amersham), blocked with 10% milk powder in TBS-T [50 mM Tris. CI 
(pH 7.9), 150 mM NaCI, 0.05% Tween-201 for 20 minutes, then 

30 incubated witti diluted primary antibodies for up to 1 h (a mixmre of 
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rabbit anti-CYP3A and anti-reductase immunoglobulins were used). The 
membrane was then washed in TBS-T, and incubated in diluted HRP- 
linked donkey anti-rabbit antisera for about 45 minutes. After washing, 
reductase and CYP3A4 were detected using ECL reagents (Amersham). 
5 Anti-reductase and anti-CYP3A4 antisera were provided by the ICRF 
Clare Hall facility, whereas HRP-linked donkey anti-rabbit antibodies 
were obtained from the Scottish Antibody Production Unit. 

Testosterone 6i3-hydroxylase assays 

10 

Assays were carried out with cells and membrane fractions. In both 
cases, approximately 100 pmol P450 was incubated with shaking in TSE 
contaimng 30 mM MgCU. The final testosterone concentration was 0.2 
mM. Where membranes were used, an NADPH generating system was 

15 added (final concentration 1 mM NADP, 5 mM glucose-6-phosphate, 1 
unit glucose-6-phosphate dehydrogenase). Reactions were carried out at 
37 °C for 5 minutes, then stopped by addition of 1 ml ice-cold methanol 
and placed on ice for 10 minutes. Following centrifugation, supematants 
were diluted with an equal volume of ice-cold water, and the testosterone 

20 metabolites extracted using Isolute CIS colunms (1ST Ltd), and eluted in 
1 ml methanol. The methanol was evaporated in a Speed Vac, and the 
metabolites then resuspended in 200 /xl 35% v/v methanol, and transferred 
to HPLC vials. Metabolites were separated by HPLC on a Spherisorb 
ODS-2 (S /im) 250 x 4.6 mm colunm usmg a gradient based on water, 

25 methanol and acetonitrile, at a flow rate of 1 ml/min, and detected at 240 
nm. The yield of the 6i8-hydroxy testosterone was calculated by reference 
to a standard of known concentration, and this allowed determination of 
the specific activity of the recombinant CYP3A4 towards testosterone. 
The HPLC method was supplied by Glaxo- Wellcome, and testosterone 

30 metabolites by Steraloids Inc. (a gift from Sterling Winthrop). 
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Erythromycin yv«deniethylase assays 

Bacterial membrane fractions were incubated with 0.5 mM erythromycin 
in 50 mM HEPES buffer (pH 7.5) containing 150 mM KCl and 10 mM 

5 MgCl2 in the presence of NADPH generating system (as above), for 20 
minutes at SVC. The reaction was then stopped by the addition of 7.5% 
w/v trichloroacetic acid, and the protein precipitate collected by 
centrifugation. The erythromycin Mdemethylase activity was then 
determined by a spectrophotometric assay performed using Nash reagent 

10 [6M ammonium acetate, 60 mM acetyl acetone, 150 mM acetic acid; 
(Nash (1953) Biochem. J 55, 416-421], measuring A,^2^. 



Nifedipine oxidase assays 



15 Cells or membrane fractions were incubated with 0.2 mM nifedipine in 
TSE containing 30 mM MgCIj at 37X for 10 minutes with shaking. 
Where membrane fractions were used, NADPH generating system was 
included (as above). The reactions were stopped by adding ice-cold 
methanol (30% v/v final concentration) and perchloric acid (1.5 v/v final 

20 concentration) and the precipitated protein collected by centrifugation. 
The supematants were transferred to HPLC vials and nifedipine and its 
oxidised metabolite were separated isocratically on a Spherisorb ODS-2 
(5 fim) 250 X 4.6 nun column using a mobile phase of methanol, 
acetonitrile and water (25: 30: 45 by volume), and detected at 254 mn by 

25 HPLC. The amount of product formed was calculated by reference to a 
standard containing a known concenuation of oxidised nifedipine. 
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Results 

Construction of a plasmid for co-expression of CYP3A4 and reductase 

5 Preliminary experiments to optimise expression of reductase in E. coli 
indicated that high levels of controllable expression were achieved when 
the human reductase cDNA was translationally fused at its N-terminal to 
the bacterial leader sequence and expressed from the ^„^^ promoter 
of pCW, in the plasmid designated pB207; these expression levels were 

10 substantially higher than those obtained from the comparable construct 
lacking the pelB leader (data not shown). These results are consistent with 
the previous expression of rat reductase fiised to another bacterial signal 
sequence, ompA (Shen et al (1989) J. Biol. Chem. 264, 7584-7589). A 
co-expression plasmid was constructed by subcloning the pWB-reductase 

15 cDNA into the optimised CYP3A4 expression plasmid NF14 (Gillam et 
al (1993) Arch. Biochem. Biophys. 305, 123-131) (reconstructed for the 
present work) as follows. NF14 was modified by removing one of the 
BgUl restriction sites within the vector, thereby allowing the downstream 
Bgni site to be used for the subsequent cloning of reductase while 

20 retaining die terminator of CYP3A4 expression (see Methods and 
Materials and Figure 1 for details; pB215). A BcR-Bglll fragment from 
pB207 containing the pc/B-reductase cDNA and its promoter was 
then subcloned into pB215 at the Bgai site, creating a plasmid, pB216, in 
which die two cDNAs, each bearing the P„fP,«. promoter, were arranged 

25 head-to-tail (see Figure 1). 

Optimisation of co-expression of reductase and C YP3A4 from pB216 

The ideal culmre conditions were found to be similar to those established 
30 to be optimal for expression of CYP3A4 from NF14 (Gillam et al (1993) 
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Arch. Biochem. Biophys. 305, 123-131), except that supplementation of 
culmres with 5-aminolevulinic acid was found to substantially increase 
expression of CYP3A4 (unpublished data), and is therefore now routinely 
used. Expression levels in the E. coli strains JM109 and DH5a were 
5 compared, and it was found that while the level of expression of reductase 
was slighUy higher in DH5a than in JM1G9, this was at the expense of the 
CYP3A4 level (data not shown). JM109 was consequently selected as the 
expression strain, as it was decided that the level of CYP3A4 expression 
should be considered the priority. 

10 

Previous reports of expression of reductase in E. coli indicated that the 
growth medium was supplemented with riboflavin (Shen et al (1989) J. 
Biol. Chem. 264, 7584-7589). We found that die addition of riboflavin 
made negligible difference to the level of expression of active reductase, 
15 so riboflavin was Uierefore not included in the expression cultures. 

Determination of expression levels 

CYP3A4 content can be determined in whole bacterial cells using Fe^*- 
20 CO vs Fe^* difference spectra, but for the assessment of reductase 
expression levels, bacterial membrane fractions were prepared as 
described (Gillam et al (1993) Arch. Biochem. Biophys. 305, 123-131). 
This was necessary because the reductase assay measures the rate of 
reduction of cytochrome c, and the background activity measured in 
25 JM109 cells is prohibitively high to allow direct determination from cells 
or spheroplasts. For expression of reductase from pB216, the specific 
activity of reductase obtained was in the range of 400 pmol reductase/mg 
membrane protein, as calculated by rates of reduction of cytochrome c by 
membrane preparations. The CYP3A4 content measured in membranes 
30 was typically around 200 pmol/mg membrane protein. Thus after co- 
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expression of CYP3A4 and reductase from pB216, the bacterial 
membranes contain approximately a 2:1 ratio of P450 reductase to P450. 

Immunodetection of heterologously expressed CYP3A4 and reductase 

5 

A typical western blot showing heterologously expressed reductase and 
CYP3A4 is shown in Figure 2. Bands corresponding to reductase and 
CYP3A4 can be detected m the membrane fractions derived from pB216 
(tracks 5 and 6), while reductase alone and CYP3A4 alone can be detected 

10 in those samples derived from pB207 (tracks 1 and 2) and NF14 (tracks 
3 and 4) respectively. Expression was not entirely repressed under non- 
inducing conditions, as observed from the appearance of reductase and 
CYP3A4 bands in tracks derived from bacterial cultures in which their 
expression had not been induced by the addition of IPTG (tracks 4 and 6). 

15 However, the amounts of active reductase and spectrally active CYP3A4 
derived from these fractions was found to be much lower than those 
derived from the induced cultures (data not shown), and this might 
therefore indicate that the detection of the bands is not a linear response 
to the content of CYP3A4 and reductase in the samples. The amounts of 

20 heterologously expressed CYP3A4 and reductase in the JM109 pB216 
membrane fractions appeared similar to those detected in a sample of 
human liver microsomes (tracks 6 and 9). 

Assays of CYP3A4 activity in whole cells 

25 

Whole JM109 pB216 cells were found to metabolise testosterone. No 6)8- 
hydroxytestosterone was detected after incubation of testosterone with the 
negative control strains JM109 pCW (vector only) or JM109 pB207 
(reductase expression only). This shows that £. coli is unable to catalyse 
30 6/3-hydroxylation of testosterone in the absence of CYP3A4. Cells 
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expressing CYP3A4 alone (JM109 NF14) also did not produce detectable 
levels of metabolite, indicating that there is no endogenous protein in 
JM109 that can supply electrons to CYP3A4 thereby allowing catalytic 
function. When 100 /xM cumene hydroperoxide was added to a reaction 
5 containing JM109 NF14 cells, however, 6/3-hydroxytestosterone was 
fonned. This infers that the CYP3A4 m JM109 NF14 cells is fijnctional, 
but that there is no available intracellular supply of electrons. The low 
activity achieved may reflect an inaccessibility of the P450 to cumene 
hydroperoxide within whole cells. On co-expression of CYP3A4 with 
10 reductase, a relatively high rate of testosterone metabolism occurs (JM109 
pB216 sample). This indicates that co-expressed reductase and CYP3A4 
couple in whole cells to produce a functional monooxygenase system. 

In this experiment, ±e 6j3-hydroxylase activity was calculated to be 
15 -17.3 nmol 6/3-hydroxytestosterone produced/minute/nmol P450. 
Previous results with a reconstimted system containing bacterially- 
expressed CYP3A4 have obtained tomover rates of up to 10 nmol 6j8- 
hydroxytestosterone/minute/nmol P450 (Gillam et al (1993) Arch. 
Biochem. Biophys. 305, 123-131). 



20 



Metabolism of testosterone, erythromycin and nifedipme by JM109 
pB216 membranes 

Membrane fractions derived from pB216 were found to mediate 
25 metabolism of the CYP3A4 substrates testosterone, nifedipine and 
erythromycin without supplementation by phospholipids, detergent, 
glutathione or cytochrome by In these assays, membrane fractions 
containing 100 pmol CYP3A4 were simply incubated with substrate in the 
presence of NADPH generating system. Typical activities are shown in 
30 Table 2. The results indicate that JM109 pB216 membrane fractions are 
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proficient for metabolism of three CYP3A4 substrates. The erythromycin 
A^-demethylase activity was ~ 2.5-fold less than previously observed in 
reconstimted systems containing bacterially-expressed CYP3 A4 (Gillam et 
al (1995) Arch. Biochem. Biophys. 317, 374-384). In contrast, however, 
5 the nifedipine oxidase activity was similar to that previously observed for 
a reconstimted system (Gillam etal (1993) Arch, Biochem. Biophys. 305, 
123-131). 

Table 1 

10 

Cytochrome P450 content and cytochrome c reductase activities of 
JM109 NF14 and JM109 pB216 cells and/or membranes 





P450 Content 


Reductase activity 


nmol/l culture* 


pmol/mgt 


nmol cyt c reduced/ min/mg 


pCW 


n.d 


n.d. 


38 ± 16 


NF14 


222 ± 35 


350 ± 50 


30 ± 3 


pJR4 


n.d. 


n.d. 


1355 ± 380 


pB2l6 


200 ± 45 


215 ± 35 


1315 ± 321 



20 

P450 contents were measured by Fe^*-CO vs Fe^^ difference spectra. 
Contents are expressed as means of 4 experiments ± SD. 

* Content was measured in 50 fil cells in 1 x TSE ( - 0.5 ml culture). 

25 

t Content was assessed per mg protein in membrane fractions derived 
from recombinant bacteria. 

Reductase activities were calculated by measuring the rate of reduction of 
30 cytochrome c per mg protein in membrane fractions, and values are given 
as means of four experiments ± SD. 
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n.d. = no detectable activity. 
Table 2 

5 CYP3A4-dependeiit metabolism of testosterone, nifedipine and 
erythromycin by JM109 pB216 cells and membranes 





Turnover (min ') 


Testosterone 
cells membranes 


Nifedipine 
cells membranes 


Erythromycin* 


pCW 
NF14 
pJR4 
pB216 


< 0.5 

< 0.5 

< 0.5 
17.3 ± 3.3 


< 0.5 

< 0.5 

< 0.5 
25.5 ± 4.3 


< 2 

< 2 

< 2 
15.2 ± 1.3 


< 2 

< 2 

< 2 
12.7 ± 0.9 


< 0.3 

< 0.3 

< 0.3 
2.3 ± 0.7 



15 Metabolism of three known CYP3A4 substrates by cells or membranes 
containing recombinant CYP3A4 and P450 reductase was assessed. 
Turnover numbers are recorded as nmol product formed/ min/ nmol P450, 
and are shown ± SD. The products which were detected were 6j8 
hydroxytestosterone, oxidised nifedipine and formaldehyde. Where no 

20 activities were detected, detection levels are shown. For testosterone 
metabolism, no 60 hydroxytestosterone was formed even after 60 minutes 
incubation with cells or membranes lacking either CYP3A4 or P450 
reductase (data not shown). 

25 * For erythromycin metabolism, activities could only be recorded with 
membranes, as the background level of formaldehyde formation by whole 
cells was very high. 

Discussion 

30 
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In this Example we describe the generation of a functional P450 
monooxygenase system in E. coli, by co-expression of the cDNAs 
encoding human CYP3A4 and P450 reductase. To our knowledge, this 
is the first instance in which a mammalian xenobiotic-metabolising P450 
5 has been shown to be catalytically active in intact E. coli cells. While the 
steroidogenic P450 17a-hydroxylase/17-. 20-lyase (P450cl7) is functional 
in E. coli, by virtue of its ability to accept electrons from the bacterial 
flavodoxin/NADPH-flavodoxin reductase system (Jenkins et al (1994) J. 
Biol. Chem. 269, 27401-27408), E. coli cells expressing CYP3A4 alone 
10 (JM109 NF14 cells) did not metabolise die CYP3A4 substrate testosterone 
in die absence of an exogenous supply of electrons (in diis case from 
cumene hydroperoxide). We dierefore conclude diat CYP3A4 cannot 
couple with this or another bacterial reductase. 

15 We developed a system for co-expression of CYP3A4 and human P450 
reductase in E. coli, in order that diese cells might be of use as 
biocatalysts for production of valuable P450 metabolites. Bodi cDNAs 
were expressed under separate P,a^,a, promoters in a single plasmid, 
pB216, so diat coordinate expression of the CYP3A4 and reductase could 
20 be induced by IPTG. To achieve optimal levels of expression, both 
cDNAs were modified from dieir original form. The 5' end of the 
CYP3A4 cDNA was modified as previously described (Gillam et al (1993) 
Arch. Biochem. Biophys. 305, 123-131). For efficient expression of P450 
reductase, we found Oiat it was necessary to extend die 5' end of the 
cDNA by fusion widi the sequence encoding the bacterial pelB signal 
peptide. Yields of CYP3A4 of 200 pmol/mg membrane protein, and 
reductase yields 4(X) pmol/mg membrane protein were obtained. 

We believe that the co-expressed CYP3A4 and pWB-reductase may be 
localised on the same face of the bacterial cytoplasmic membrane, as 
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JM109 pB216 cells and membranes isolated from them are active towards 
CYP3A4 substrates, indicating that the proteins must be able to couple 
efficiently. Activities measured towards the substrates were found to be 
higher than previous results obtained with purified bacterially-expressed 
5 CYP3A4 in a reconstitoted system (GUIam et al (1993) Arch. Biochem. 
Biophys. 305, 123-131; GUlam erfl/(1995)^rc/i. Biochem. Biophys. 317, 
374-384). Such reconstimted systems contain purified CYP3A4, 
reductase, cytochrome by glutathione, detergent and an optimised 
phospholipid composition. Cytochrome has been shown to be unportant 

10 m obtaining maximal CYP3A4 activities against particular substrates for 
a CYP3A4-reductase fusion protein (Shet et al (1993) Proc. Natl. Acad. 
ScL USA 90, 11748-11752), whUe the phospholipid composition and 
glutathione concentration was also shown to be critical in a reconstimted 
system containing CYP3A4 (GUlam etal (1993) Arch. Biochem. Biophys. 

15 305, 123-131). In the absence of these ancillary factors, CYP3A4 activity 
towards testosterone was rather unexpected in whole cells and in 
membranes within the sinq)le buffer system used here. It was therefore 
extremely interesting that, in our smdies, high levels of CYP3A4 activity 
towards these substrates was observed in the absence of exogenously 

20 added cytochrome bj. 

In summary, we have successfully achieved high level co-expression of 
CYP3A4 and human P450 reductase in E. coli. The resulting stram is 
proficient for whole cell metabolism of testosterone and nifedipine even 

25 in the absence of exogenously applied NADPH, suggesting that (at least) 
die reductase active site is cytoplasmically orientated. Membranes derived 
from the bacteria metabolise testosterone, nifedipine and erythromycin in 
a simple buffer supplemented only with NADPH. The specific activities 
achieved from our co-expression strain are higher than previously obtained 

30 widi reconstituted systems. We hope to investigate the possible reasons 
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for this discrepancy to improve the turnover rates. The strain described 
in the present Example will be of use as a biotechnological tool for 
production of CYP3A4 metabolites, and will be used as a model system 
for fiiture co-expression of alternative P450 isoforms with P450 reductase 
5 in £. coli. 

Example 2 : 

Materials and Methods 

10 

Bacterial strains and plasmids 

The £. coli K-12 strain JM109 (Yanisch et al (1985) Gene 33, 103-19) 
was used duroughout. Cytochrome P450 cDNAs were expressed from the 
IS plasmid pCW. This plasmid includes a jS-lactamase gene, and can 
therefore be stably maintained in bacterial cells grown in the presence of 
an agent such as ampicillin or carbeniciliin. The human P450 reductase 
cDNA was expressed from die plasmid pACYC184, which can be stably 
maintained in bacterial cells in the presence of chloramphenicol. 

20 

Isolation of bacterial sigpal peptide coding sequences and generation 
of expression constructs 

The source of the coding sequence for the bacterial pelB signal peptide 
25 was the commercial vector pET-20b (Novagen). Chromosomal DNA was 
extracted from E. coli stram JM109 and used as the template for the 
isolation of the or^A leader sequence by PCR, using specific 
oligonucleotide primers. This PCR product was sub-cloned and subjected 
to dideoxy sequencing, and was found to be identical to an ompA leader 
30 sequence already registered in the GenEMBL database (accession number 
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: V00307), namely : 

5'ATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGG 
TTTCGCTACCGTAGCGCAGGCC-3' (SEQ ID No 6) 

5 A PGR fusion technique (Yon et al (1989) Nucleic Acids Res. 17, 4895) 
was used to fuse the coding sequence for the bacterial pelB or ompA signal 
peptide in frame to the 5 '-end of the full length P450 cDNA. Using this 
method, wemadepe/5-CYP3A4, owpy4-CYP3A4, omp/4-CYP2D6, ompA- 
CYP2A6, and ompA-CYVlEl fusions, engineering in each case a Ndel 

10 restriction site at the 5' end of the construct to facilitate sub-cloning into 
pCW. All PCR-derived fragments were verified by dideoxy sequencing. 

Thep&/B-human reductase construct described previously was sub-cloned, 
together with an upstream {tac)^ promoter cassette, as a Bcll-Bglll 
15 fragment into the unique BamHI site of the plasmid pACYC184, to 
produce plasmid pJR7. 

Expression in E. coli of human P450s fused to bacterial leader 
sequences 

20 

JM109 cells were transformed with pCW/p^/B-CYP3A4, pCWompA- 
CYP3A4, pCW/om/7.4-CYP2D6, pCW/o/7^/l-CYP2A6, or pCW/ompA- 
CYP2E1 (Inoue et al (1990) Gene 96, 23-28). Transformed cells were 
selected with ampicillin and amplified for further study. For co- 
25 expression, JM109 cells were co-transformed with the plasmids 
pCW/o/K!p.4-CYP2D6 and pJR7, and selected on both ampicillin and 
chloramphenicol. 

A standard protocol was used for all expression and co-expression 
30 experiments. Transformants were streaked from a frozen glycerol stock 

SUBSTITUTE SHEET (RULE 26) 



wo 98/02554 



PCT/GB97/01917 



59 

onto LB agar plates contaming either ampicillin alone (for P450 
expression) or ampicillin plus chloranq)henico] (for co-expression of P450 
and reductase), and incubated at ST'C for 12-14h. Single isolated 
colonies were then inoculated into a few ml of LB broth (containing die 

5 appropriate antibiotic(s)) and shaken overnight at 3T'C. This starter 
culture was diluted 1:100 into 100 ml Terrific Broth modified and 
supplemented as described (Gillam et al (1993) Arch. Biochem. Biophys. 
305, 123-131), but with chloramphenicol (25 /ig/ml) added when reductase 
was being co-expressed, in a 1 1 conical flask. These cultures were 

10 incubated at 30"'C for 4-5 h with shaking. The haem precursor 6- 
aminolevulinic acid was then added to a final concentration of 0.5 mM, 
and die inducing agent IPTG to 1 mM. Expression of heterologous 
proteins was then allowed to proceed for 22-23 h at 30'*C. 

IS Harvesting cultures and determination of expression levels 
- as described previously 

Immunodetection of heterologously expressed P4S0 and reductase 

20 Protems were separated on SDS-9% acrylamide gels and then transferred 
onto Hybond-ECL membrane (Amersham, UK). The membrane was 
blocked widi 5% milk powder in TBS-X [50 mM Tris. CI (pH 7.9), 150 
mM NaCl, 0.10% Triton X-100] for 1 h, then incubated widi diluted 
primary antibodies for 45-60 min. The primary antibodies used were 

25 rabbit anti-CYP3A, rabbit anti-CYP2D6, rabbit anti-reductase, or sheep 
anti-CYP2El immunoglobulins. The membrane was washed in four 
changes of TBS-X, and then incubated with the secondary antibody (HRP- 
linked donkey, anti-rabbit or anti-sheep IgG, as appropriate) for 25-35 
min. After four washes with TBS-X, die recombinant proteins were 

30 detected by chemiluminescence using ECL (Amersham, UK). Secondary 
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antibodies were obtained from the Scottish Antibody Production Unit. 



Bufuralol 1 '-hydroxylase assays 

5 Assays on bacterial membrane fractions were carried out at 37 "C in 50 
mM potassium phosphate buffer, pH 7.4, containing 20 or 50 pmol 
CYP2D6, 50 nM (±)-bufuralol, and a NADPH regenerating system (see 
Example 1) in a total volume of 300 fil For membranes isolated from 
cells carrying pCW/ompy4-CYP2D6 only (ie. no reductase co-expressed), 
10 the NADPH regenerating system was replaced by 100 /M cumene 
hydroperoxide. Reactions were stopped by the addition of 15 fil of 60% 
perchloric acid and placed on ice for 5-10 min. Precipitated proteins were 
removed by centrifugation, and then the supematants were analysed for 1 
hydroxybufiiralol by reversed-phase HPLC. with reference to authentic 
15 standard. Separation was achieved using a Spherisorb 5 ftm ODS-2 
column 25 cm x 4.6 mm, and a mobile phase of 0. 1 M ammonmm acetate 
(pH 5.0) with a linear gradient of acetonitrile (27 to 51% in 12 min). 
Detection was by fluorescence using excitation and emission wavelengths 
of 252 and 302 nm, respectively. 

Assays on whole cells were carried out at 37°C in 50 ml conical flasks, 
and contained 50 pmol CYP2D6, 50 (±)-bufuralol and Ix TSE buffer 
in a total volume of 5 ml. Samples (300 ftl) were withdrawn at 0, 2, 5 
and 10 min into tubes containing 15 ftl of 60% perchloric acid on ice. 
Analysis then proceeded in an identical manner to the membrane assays 
(see above). 

For the determination of Michaelis-Menten kinetic parameters, incubations 
were carried out for 5 min widi 20 pmol CYP2D6 and varying 
concentrations of substrate (0 to 100 /iM). K„ and v^ were estimated 
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from double-reciprocal plots of initial reaction velociQr versus substrate 
concentration. 

Results 

5 

Isolation of P450 and P450-reductase cDNAs: 

The cDNAs for CYP3A4, CYP2D6, CYP2A6 and CYP2E1 and P450- 
reductase were isolated by RT-PCR using amplimers which were 
10 synthesized based on the published sequence information. The cDNAs 
were verified by DNA-sequencing and found to encode proteins with 
primary structures identical to those published for CYP3A4, CYP2D6, 
CYP2A6 and CYP2E1 and the human P450-reductase. 

15 Construction and expression of human P450 reductase fused to the 
pelB leader sequence: 

P450 reductase is required for the catalytic activity of human P450s and 
is absent in E. coU. We tried to express the native P450 reductase or the 
P4S0 reductase fused at its N-terminus to the pelB leader sequence 
(MKYLLPTAAAGLLLLAAQPAMA-) (SEQ ID No 1) in £. colL 
Initially we tried to express botii protems under the control of the IPTG 
(isopropylthiogalactoside) inducible (tac)2 promoter in the plasmid pCW 
(Fig 3). Membranes were isolated from E. coli harbouring the native 
P450-reductase and the />£/B-reductase and were analysed by 
immunoblotting (Fig 4). In the absence of IPTG, negligible amounts of 
P450 reductase were detected, and a clear induction of the recombmant 
protein was observed upon addition of IPTG. Expression of the native 
P450 reductase from the plasmid pJRl was low, whereas high levels of 
pelB-P450 reductase were achieved from the plasmid pJR2. These 
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differences were also reflected in the P450-reductase activity towards 
cytochrome c detected in membranes containing these two recombinant 
proteins. In these preparations the pe/5-reductase displayed an almost ten 
fold higher reductase activity as compared to the native P450 reductase 
5 (Fig 4). These results clearly demonstrate that optimal expression of 
ftinctional P450 reductase in E. coli is only possible after fusion of this 
protein to a bacterial leader sequence. 

Construction and expression of CYP3A4 fused to bacterial leader 
10 sequences: 



CYP3A4 is the major human hepatic P450 (Shimada et al (1994) 7. 
Pharmacol. Exp. Ther. 270. 414-423) and is involved in the metabolism 
of a wide variety of therapeutic drugs as well as chemical carcinogens. 

15 In order to achieve efficient expression of this important P450, we 
constructed a series of modified CYP3A4 cDNAs which encode the 
CYP3A4 fused at its N-terminus to either the bacterial pelB or the 
bacterial ompA leader sequence (MKKTAIAIAVALAGFATVAQA) (SEQ 
ID No 2) using a PCR based strategy which has been shown to allow the 

20 fusion of any two sequences at any site (Yon et al (1989) Nucleic Acids. 
Res. 17, 4895). The resulting cDNA constructs were sequenced, cloned 
into the vector pCW and were transformed into the E. coli strain JM109 
for expression. 

25 Colonies which grew in die presence of ampiciUin were selected for 
further DNA and protein analysis. E. coli harbouring the expression 
constructs were grown in terrific brofli and P450 expression was induced 
by IPTG as described in Materials and Methods. CYP3A4 expression was 
detected by immunoblot analysis of bacterial membranes (Fig 5) and by 

30 spectral analysis of whole cells or membranes (Fig 6). As can be seen 
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from Fig 5, the level of immunoreactive pelB-CY?3A4 was similar to the 
CYP3A4 level found in human liver microsomes, whereas the level of 
immunoreactive o/wp/l-CYP3A4 was at least an order of magnitude higher. 
Interestingly, p«/S-C YP3 A4 yielded two closely migrating immunoreactive 
5 proteins. A similar result was also obtained after purification of a His- 
tagged pelB-3A4 by nickel-agarose affinity chromatography, whereas 
ompA-ZM which had been purified similarly yielded a homogeneous 
protein. pelB-CYP3A4 and ompA-2M displayed a Fe*+ vs. Fe'* -CO 
spectrum typical for P450 haeraoproteins (Fig 6). The yield of spectrally 
10 active pc/fi-CYP3A4 but not of ompA-CYViM protein was strongly 
stimulated by the presence of 5-aminolaevulinic acid (ALA) in the growth 
medium (Fig 7). Under these conditions ompA-ZM yielded more 
spectrally active P450 compared to peiB-CYP3A4 (500 nmoles/1 culture 
vs. 143 nmole/l culture respectively) even though the difference was less 
pronounced than expected from the immunoblot analysis. The presence 
of ALA in the culture medium led to the appearance of an absorption peak 
at 420 nm in the spectral analysis of the recombinant P450s (see Fig 6, 
pelB-3A4 expressed in the presence of ALA and ompA-dAA expressed in 
the absence of ALA). 

Direct determination of the catalytic activity of the expressed proteins was 
not possible due to the absence of P450 reductase in bacterial membranes. 
The P450 enzyme activity was therefore determined in the presence of 
cumene hydroperoxide which serves as an artificial oxygen donor for 
P450s. In this analysis, we found that the turnover number of the pelB- 
CYP3A4 and the ompA-3A4 for the 6j8-hydroxylation of testosterone was 
4.2 min' and 3.2 min' respectively. These results clearly demonstrate 
that in E. colt tfiese P450s fold correctly into spectrally and catalytically 
active enzymes. 
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Construction and expression of CYP2D6 fused to tlie ompA leader 
sequence: 

As we had found that the yield obtained for o«^y4-CYP3A4 was much 
5 higher than for the p^/5-CYP3A4. we decided to fuse exclusively the 
ompA sequence to the N-terminus of CYP2D6, which is a P450 involved 
in the metabolism of a variety of therapeutically imponant compounds. 

The PGR technique used for the fusion of the ompA signal sequence to the 
10 CYP2D6 cDNA was similar to the strategy used for the construction of 

the omp/l-CYP3A4. This construct was expressed from the vector pCW. 

Fig 8 displays an unmunoblot of bacterial membranes obtained from E. 

coli harbouring the ompA-CYP2D6 cDNA construct (lane 2). An 

immunoreactive band corresponding to recombinant CYP2D6 was detected 
15 in these membranes, which was absent in membranes isolated from 

bacteria carrying the empty expression plasmid, pCW (lane 1). The 

ompA-CYP2D6 yielded a typical P450 Fe^* vs. Fe^* -CO spectrum (Fig 

9) . The yield of spectrally active CYP2D6 (481 nmoles/l of culture. Fig 

10) was similar to the yield achieved for ompA-CYP3A4 and resulted in 
20 a distinct red colouration of the bacteria expressing the former 

hemoprotein. The ALA dependent increase of spectrally active ompA- 
CYP2D6 was much stronger than for pelB-CY?3A4. In the presence of 
cumene hydroperoxide, ompA-CY?2D6 catalyzed the hydroxylation of the 
typical CYP2D6 substrate bufiiralol with a turnover number of 50 ± 3 
25 min'. 

Co-expression of P450 and P450-reductase fused to bacterial leader 
sequences generates a functional monooxygenase system in E. coli: 

30 In order to generate a functional P450-monooxygenase system, we tried 
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to co-express P450 and P450-reductase in E. coli. It is possible to 
envisage three main ways to achieve co-expression of two proteins in E. 
coli. Firstly, two cDNAs can be expressed from separate compatible 
plasmids in the same cell: for example, P450 could be expressed from 
5 pCW and P450 reductase from a separate vector. Secondly, both cDNAs 
could be subcloned into the same plasmid. Thirdly, one or both of the 
cDNAs encoding P450 or P450 reductase could be integrated into the 
bacterial chromosome. We chose the first strategy, as it is technically 
least demanding. 

10 

The /;e/5-reductase cDNA was cloned into the vector pACYC184 (Fig 3) 
to yield the vector pJR7. The advantage of this construct is that 
pACYC184 contains a different origin of replication from pCW. In 
addition these vectors contain different selection markers, which allow 

15 stable cotransformation with two separate plasmids, one for the expression 
of P450-reductase (pACYC184), the other (pCW) for expression of P450. 
E. coli were transformed with pJR7 and pCW carrying the ompA'CYP2D6 
cDNA. Transformants were selected on ampicillin and chloramphenicol 
and expanded for fiirther analysis. Iramunoblotting (Fig 8) revealed 

20 immunoreactive bands corresponding to the recombinant P450 reductase 
and CYP2D6 in membranes isolated from the co-expressing strains (lanes 
3 and 4), which were both absent in membranes isolated from bacteria 
carrying the empty expression vector, pCW (lane 1). E. coli co- 
expressing ompA-CY?2D6 and the pe/fl-reductase displayed a typical Fe^"^ 

25 vs. Fe^* -CO spectrum (Fig 9). The total cellular yield of spectrally 
active ompA-CYP2D6 was 365 nmoles/1 culnire in the co-expressing strain 
which was only 25 % lower than in E. coli expressing CYP2D6 alone (Fig 
10). Membranes containing the onqfA-CY?2D6 and P450-reductase 
displayed a cytochrome c reductase activity of 530 nmoles/min/mg which 

30 is two fold higher than the value reported for human liver microsomes. 
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Most importantly intact bacteria co-expressing ompA-CYF2D6 and pelB- 
reductase as well as membranes derived from them catalyzed the 
hydroxylation of the typical CYP2D6 substrate bufiiralol extremely 
efficiently with turnover numbers of 4.6 mm ' and 5.7 min ' respectively 
5 and a specific activity (1 .2 nmoles/min/rag membrane protein) which was 
40 fold higher than the value reported for human liver microsomes. The 
and the K„ for the CYP2D6 - catalyzed bufuralol 1 '-hydroxylation 
were found to be 13.3 min ' and 11.1 respectively (Fig 11). 

0 Construction and expression of CYP2A6 fused to the ompA signal 
peptide 



The ompA signal peptide was fused to the N-terminus of fiilMength 
CYP2A6 by PGR. The recombinant ompA-CYP2A6 expressed from pCW 
5 displayed a typical Fe^* vs. Fe^*-CO difference spectrum in both whole 
cells and membranes derived from diese cells (Fig. 13). The yield of 
spectrally active CYP2A6 in whole cells (193 nmol/1 culture, Fig. 14) was 
somewhat lower than that of either C YP3A4 or CYP2D6 expressed from 
the analogous construct. Nonetheless, the specific CYP2A6 content of 
membranes isolated from these cells greafly exceeded die level which 
would be found in human liver microsomes. 

Construction and expression of CYP2E1 fused to the ompA signal 
peptide 

The same PCR-based strategy was used to fuse the ompA signal peptide 
to the N-tenninus of full-length human CYP2E1 . Expression from pCW 
resulted m the appearance of a protein in bacterial membranes which was 
delectable on immunoblotting using specific anti-CYP2El antibodies (Fig. 
15, lane 3), and which was of the same apparent size as CYP2E1 m a 
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sample of human liver microsomes (Fig. 15, line 1). This protein was 
absent in a sample of membranes isolated from E. coli carrying the empty 
expression plasmid, pCW (lane 2). The relative band intensities (of. lanes 
1 and 3) suggest that a very high level of recombinant CYP2E1 has been 
5 produced in this bacterial strain. 

Furthermore, expression from pCW/owp^-CYP2El produced a typical 
reduced Fe-CO difference spectrum in whole bacterial cells (Fig. 16), 
although in this instance, the absorption maximum at around 420 nm was 
10 rather more pronounced than for the other P450^xpressing constructs. 
The yield of spectrally active CYP2E1 in whole E. coli carrying 
pCW/o/?ip/l-CYP2El was estimated to be 451 nmol/1 culture - 
approximately the same as the levels of CYP3 A4 and CYP2D6 produced 
in whole cells from the analogous o/;9>/l-constructs. 

15 

Discussion 

This Example demonstrates that a highly fimctional monooxygenase 
system in E. coli can be made by the fusion of P450s as well as P450 

20 reductase to bacterial leader sequences such as pelB and ompA. This is 
clearly illustrated by the almost ten fold increase of functional P450 
reductase levels obtained after fusion of the native P450 reductase to the 
pelB leader sequence and the expression of this construct from the vector 
pCW (Fig 1). Expression ofpe/fl-reductase from the vector pACYC 184, 

25 which we employed for the co-expression of P450s and P450-reductase, 
yielded P450-reductase levels in E. coli membranes similar to those found 
in human liver microsomes (100 pmol P450-reductase/mg protein). The 
applicability of our approach is not only limited to the expression of P450- 
reductase in E. coli, since we found that pe/5-P450 reductase can also be 

30 expressed in S. typhimuriim at levels similar to those achieved in E. coli 
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(data not shown). 

Moreover, we demonstrate that P450s fused to bacterial leader sequences 
can be efficiently expressed in £. coli without relying on the extensive 
5 modifications of P450 N-termini which previously had been diought to be 
essential for optimal P450 expression (Barnes et al (1991) Proc. Natl. 
Acad. Sci. USA 88. 5597-5601; Gillam et al (1993) Arch. Biochem. 
Biophys. 305. 123-131; Urson et al (1991) J. Biol. Chem. 266, 7321- 
7324). Our gene fusion approach is applicable for P450s belonging to 
10 different gene families, since we were able to show that CYP3A4, 
CYP2D6, CYP2A6 and CYP2E1 (Figs 5. 8 and 15) can all be expressed 
in E. coli using this strategy. RecenUy we have also extended this 
approach to the expression of CYP2C9 and CYP2D9. 

Previously CYP3A4 and CYP2D6 cDNAs have been expressed in E. coli 
after modifications of their 5' ends in order to remove regions with the 
potential to form secondary structures (Gonzalez et al (1995) Anna. Rev. 
Pharmacol. Toxicol. 35, 369-390). These modifications translated into 
extensive changes in the N-terminal region of CYP3A4 and CYP2D6 (in 
the following these modified proteins are designated as 17a-CYP3A4 and 
17af.CYP2D6 respectively). With respect to P450 yield our gene fusion 
strategy is superior to this approach, at least for the P450s which we have 
tried, since yields of ompA-CYV^KA and of ompA-CY'PlDe expressed 
from die vector pCW were at least by a factor of 1.7 and 4.8 respectively 
higher than the published values for 17a-CYP3A4 and of 17a-CYP2D6 
expressed fi-om the same vector (Fig 12). We strengfliened this 
observation by repeating the expression of 17a-CYP3A4 and 17a- 
CYP2D6 from constructs which had been generated in our laboratory 
according to published procedures (Gillam et al (1993) Arch. Biochem. 
Biophys. 305, 123-131; GiOam et al {1995) Arch. Biochem. Biophys. 319. 
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540-550). We have expressed the pWB-CYP3A4 and the ompA-CYP3A4 
with C-terminal extensions containing a stretch of histidine residues. We 
were able to purify mg quantities of these proteins for structural analysis 
using nickel agarose affinity chromatography. 

5 

We have extended our ompA leader fusion strategy to allow the expression 
of two further human cytochromes P450, namely CYP2A6 and CYP2E1 , 
in E. coU. For CYP2E1 , our ejq)ression level of 451 nmol/1 culture (Fig. 
16) is an order of magnimde greater than the previously published level 
10 of expression for diis enzyme in E. coli (40 nmol/1, Gillam et al (1994) 
Arch Biochem Biophys 312, 59-66), using conventional sequence 
optimisation procedures. To our knowledge, the expression of CYP2A6 
in E. coli has never before been reported. Hence, we have been able to 
demonstrate the simplicity and versatility of our system. 

Most importantly we show that the gene fusion approach can be used to 
generate a highly functional human P450 monooxygenase system in E. 
coli. This is clearly demonstrated by die high bufiiralol 1 '-hydroxylase 
activity observed with intact E. coli co-expressing ompA-CY?2D6 and 
pelB-P450 reductase. This activity (1.2 nmoles/min/mg protein) is about 
20 fold higher than the average bufuralol hydroxylase activity reported for 
a panel of human liver microsomes. Also bacterial membranes isolated 
from this E. coli strain display a similar high P450 enzyme activity. The 
ony)A-CYP2D6 displays a higher substrate nimover number (4.6 min ') 
than the value calculated for human liver microsomes (1 min ') and also 
than the data reported for CYP2D6 reconstimted in an optimized cell free 
system. This result clearly demonstrates that onq}A-CYP2D6 and the 
pg/5-reductase couple very efficiently in E. coli and suggests that both 
proteins are located on the same side of the bacterial membrane in a 
phospholipid environment at least as optimal as die complex phospholipid 
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compositions employed in reconstinited systems. 

It is important to note that E. coli expressing o/npy4-CYP2D6 and pelB- 
reductase use endogenous NADPH as source for reducing equivalents, 
5 since they displayed P450 enzyme activity in die absence of exogenously 
added NADPH. This finding suggests that the reductase active site is 
located on the cytoplasmic side of the inner membrane where it is able to 
utilise the intracellular pool of NADPH. This property, combined witii 
the high yield of recombinant protein and the technically simple 
10 maintenance, makes the system ideally suited for bioreactor purposes. 
However we have observed that P450 substrates are metabolized poorly 
by E. coli co-expressing P450s and P450 reductase when maintained in 
culmre broth rather in the buffer used in the present smdy. This might 
indicate that under the former conditions, substrates were not able to 
penetrate the bacterial cell wall and membranes. We have therefore taken 
our strategy further and have expressed a functional P450 monooxygenase 
system in the TA series of S. typhimurium strains. These strains have 
frequently been used for mutagenicity testing, since they contain a deep 
rough mutation resulting in a permeable cell wall, which can be penetrated 
by a large panel of strucmrally diverse compounds (Ames et al (1975) 
Mutat. Res. 31, 347-364; Simula et al (1993) Carcinogenesis 14, 1371- 
1376). We were able to show that using our gene fusion strategy a 
functional P450-monooxygenase system could be generated in 5. 
typhimurium. 

We envisage that the P450 and P450-reductase expression levels in E. coli 
can be further increased using other vectors or other bacterial hosts. For 
example we have observed that some of the bacterially expressed ompA- 
CYP2D6 was raalfolded and might have formed inclusion bodies. 
Recently E. coli strains have become available which express molecular 
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chaperones and thioredoxin (Yasukawa et al (1995) J. Biol. Chem. 270, 
25328-25331). The expression of these proteins, which prevent 
misfoldmg of newly synthesized proteins, resulted in a much higher yield 
for several recombinant proteins. These strains could be also used for the 
5 expression of P450s from expression vectors containing stronger bacterial 
promoters than pCW. For example we have observed that high levels of 
recombinant C YP3A4 can be expressed in E. coli under the control of the 
powerfiil T7 polymerase promoter in the pET series of vectors. However 
only a small fraction of the recombinant CYP3A4 was spectrally active. 
10 Furthermore we envisage diat the coupling of P450s with P450-reductase 
can be further improved by co-expression of the P450-reductase FMN 
domain which has been recently shown to stimulate the P450 enzyme 
activity in a reconstidited system containing P450 and P450 reductase. 

In summary, we have developed a general approach for the efficient 
bacterial expression of P450s and demonstrated that this approach can be 
used to generate bacteria containing a highly functional P450 dependent 
monooxygenase system. These models will have important commercial 
applications in drug development and biocatalysis. 

Example 3: 

Expression in Salmonella typhimurium 

Coexpression of P450 and P450s in certain S. typhimurium strains such as 
TA1538 and TA1535 is readily adapted from the E. coli system described 
above. The same vector system can be employed in both species. The 
vector is first passaged from the E. coli strains which are used for P450 
expression (eg. JM109 or DH5a) through the £. coli strain LA5000 and 
from there to the S. typhimurium strains. However for the expression of 
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P450S in the 5. typhimurium strains TA98 and TAIOO, which are 
frequently used in mutagenicity testing, the strategy may have to be 
slightly modified. TA98 and TAIOO carry the plasmid pKMlOl which 
increases the SOS repair in these strains and concomitantly their sensitivity 

5 to mutagens. However this plasmid codes ako for the ampicilluiase. For 
the expression of P450s from the expression plasmid pCW in these strains, 
the ampicUlinase marker on pCW has to be replaced by a tetracycline 
resistance marker. Otherwise growth conditions and induction of P450 
expression in S. typhimurium is similar to the E. coli system. However, 

10 we have found that it is desirable to omit tetracycline Irom the growth 
medium during the P450 induction phase. 

Example 4i 

15 Expression of CYP3A4 and P450 reductase in Escherichia coli and 
Salmonella typhimurium strains with altered outer membrane 
permeability 

Materials and Methods 

20 

Bacterial strains and plasmids 

The E. coli K12 strains used were JM109 (Yanisch et al (1985) Gene 33, 
103-19). AB1157 (Howard-Flanders et al (1964) Genetics 49, 237-246) 
and NS3878 (Chaterjee and Sternberg (1995) Proc. Natl. Acad. Set. 92, 
8950-8954). The S. typhimurium strain was TA1535 (Ames et al (1975) 
Mutat. Res. 31, 347-352)). NS3678 is strain AB1157 tolC (XLPl) and the 
tolC mutation is due to a Tn70tet' insertion. TolC" mutants are extremely 
sensitive to hydrophobic agents (Whitney (1970) Genetics 30, 39-59) and 
this protein is proposed to play a role in assembly of lipopolysaccharide 
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(LPS) in the outer membrane (Schnaitmann and Klena (1993) Microbiol. 
Rev 57, 655,682). S. typhimurium strain TA1535 carries an rfa mutation 
and has a defective outer membrane. Co-expression of CYP3A4 and P450 
reductase was achieved using the plasmid pB216 described in the previous 
5 examples. 

Co-expression of CYP3A4 and P450 reductase 

The protocol used for expression was identical to those previously 
10 described with the exception that for NS3678 [pB2 16] tetracycline ( lO^g/1) 
was included in the streak plates and in the overnight LB culmre but not 
in the terrific broth. CYP3A4 content was determined in whole bacterial 
ceUs using Fe^^-CO vs Fe^- difference spectra. 

Incubation of intact cells with CYP3A4 substrates 

After the usual 20-24 hr induction, cells were cooled on ice for 10 minutes 
before harvesting by centrifiigaiion. The cells were then washed once in 
an equal volume of ice cold Ix M9 salts solution before resuspending in 
1/10 volume of M9 -I- glucose (lOmM). Care was taken throughout not 
to subject the cells to vigorous pipetting. Cell suspensions were stored on 
ice until required for incubation with CYP3A4 substrates, 500^1 was 
removed and added to a 50ml polypropylene mbe containing 4.5 ml M9 
+ glucose. The nibes were pre-incubated for 5-10 minutes in an orbital 
shaker at 37°C before the reactions were initiated by addition of either 
testosterone or nifedipine at a fmal concentration of 200/iM. When 
required, 200/il of cell suspension was removed and transferred to a 1 .5ml 
Eppendorf microcentriiiige ftibe containing 100/tl of methanol and 5^*1 of 
60% perchloric acid. The tubes were mixed by inversion and stored on 
ice for 10 minutes before centrifuging to remove precipitate. The 
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supernatants were transferred to microvials for HPLC analysis. 
Metabolites were separated as previously described and the yield of 6fi- 
OHT) or nifedipine oxide calculated by reference to known standards. 

5 Results 

CYP3A4 and P450 reductase expression in the four strains 

Levels of P450 expression and P450 reductase activity are shown in Table 
10 A. CYP3A4 content in NS3678 (pB216] cells is significanUy lower than 
in the other three strains, typically around 30 nmol/1. The reasons for 
this are unclear and expression in this strain will require further 
optimisation. 

IS Table A 

Expression levels of CYP3A4 in and CYP3A4-dependent metabolism 
of testosterone and nifedipine by intact JM109, AB11S7, NS3678 and 
TA1S35 pB216 cells 





P450 content 
(nmol/1 

culture) 


Turnover (min*') 


Testosterone 


Nifedipine 


JM109 [pB216] 


105 ± 13 


0.15 ± 0.11 


1.38 ± 0.06 


AB1157 [pB216] 


80 ± 24 


2.5 


18.4 


NS3678 fpB216] 


32 ± 7 


15.3 ± 12.3 


17.8 ± 2.9 


TA1535 [pB216] 


119 ± 42 


0.52 ± 0.14 


5.4 ± 2.5 



P450 contents were measured by Fe^* - CO vs Fe^* difference spectra. 
Contents are expressed as means of at least 3 experiments ± SD. 
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Turnover numbers are recorded as nmol product formed / min / nmol 
P450. and are shown ± SD. The products detected were 6/8 
hydroxytestosterone and nifedipine oxide. 

5 Metabolism of testosterone and nifedipine by intact E. coli and 5. 
typhimurium strains expressing CYP3A4 and P450 reductase 

The turnovers for testosterone and nifedipine by the four strauis are shown 
in Table A. From previous work using JM109 [pB216] it had been shown 

10 that metabolism of testosterone was negligible unless the cells were 
resuspended in a buffer (TSE) containing EDTA and subsequently 
subjected to osmotic shock. This was confirmed here, the turnover after 
a 10 minute incubation being only 0.15 nmol 6/3-OHT / nmol P450 / min. 
In contrast testosterone metabolism in the other two E. coli strains were 

15 much more extensive, NS3678 [pB216] being particularly impressive with 
a mrnover of 15.3 which is 100-fold higher than in JM109 [pB2I6]. The 
S. typhimurium strain TA1535 [pB216] also showed more activity than 
JM109 [pB216] towards testosterone but only by a factor of 3-4 fold. The 
mrnovers for nifedipine followed a similar pattern although the inter-strain 

20 differences were not so marked as with testosterone. The E. coli strains 
NS3678 [pB216] and AB1157 [pB216] again showed the highest activity 
at around 18 nmol nifedipine oxide / nmol P450 / min with turnovers for 
TA1535 [pB216] and JM109 [pB216] being around 3 and 15-fold lower 
respectively. 

25 

The results of time course incubations with the two substrates nifedipine 
and testosterone are shown in Figures 17 and 18 respectively. In the two 
most extensively metabolizing strains, AB1157 and NS3678, metabolite 
accumulation continues for 1-2 hours and with final concentrations of 
30 metabolite in the 30-40/iM range representing a yield of 20-30%. The 
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loss of linearity after approximately one hour incubation may be due to 
loss of CYP3A4 or metabolite inhibition. 

Discussion 

Work described in the previous examples shows that JM109, the strain of 
£. coli routinely used for expression, was unable to catalyse testosterone 
hyroxylation when co-expressing CYP3A4 and reductase unless the cells 
were subjected to osmotic shock in TSE buffer. This lack of metabolism 
is almost certainly due to the irapermeabUity of the £. coli outer 
membrane to large, hydrophobic molecules (Nikaido and Vaara (1985) 
Microbiol. Rev 49, 1-32) and makes this strain unsuitable for generation 
of large quantities of certain P450 metabolites in bioreactor systems. It 
is anticipated that outer membrane permeability will not be a problem for 
all P450 substrates, for instance we have found that turnover of 7- 
ethoxyresorufin in intact JM109 expressing CYP1A2 and P450 reductase 
is comparable to that in osmotically shocked cells (data not shown). E. 
coli strains such as NS3678 which carry a mutant tolC gene are known to 
be hypersensitive to hydrophobic agents and it was predicted that 
permeability to P450 substrates would also be increased. Based on the 
extremely high mrnovers of testosterone and nifedipine by NS3678 
[pB216] relative to JM109 [pB2161 this seems to be the case. Currently, 
the P450 expression levels in strain NS3678 are relatively low. We 
envisage that these can be improved by optimisation of growth conditions. 
However, expression levels in the parent strain, AB1157 [pB216], are 
comparable to those in JM109 [pB2161 with the advantage that substrate 
turnover is considerably higher. We believe that this is due to the rfbDl 
mutation carried by this strain which confers a partially defective outer 
membrane. Our work represents the first example of expression of a 
functional P450 monooxygenase in "permeable" strains of £. coli. The 
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system described here will be applicable for expression of all P450s and 
will facilitate the production of a wide range of P450 metabolites in 
"bioreactor" systems. 

5 Summary 

E. coll JM109 or DH5a which coexpressed P450s together with P450 
reductase metabolised substrates only after treatment with buffer (TSE) 
which would alter the permeability of membranes. We have now 
10 expressed these enzymes in 5. typhimumm TA1535 and in E. coli strains 
with a permeable cell wall. We were able to shown that, in the presence 
of a physiological broth (minimal medium + glucose), the metabolism of 
substrates is linear for more than 60 minutes at turnover rates which 
approach those found using cells resuspended in TSE buffer. 

15 

Example 5 ; 

Co-expression of ompA- and ompA (+2)-P450s with reductase 
20 Materials and Methods 
Plasmids 

Two P450 expression plasmids, pCW/omp/4(+2)-CYP3A4 and 
25 pCW/om/;y4(+2)-CYP2A6, were constructed. In each case, PGR was 
used to insert a dipeptide "Imker" (-Ala-Pro-), correspondmg to the first 
two amino-acids of the mamre OmpA protein, between the OmpA signal 
pqptide and the P450 N-terminus. In order to allow facile purification of 
recombinant CYP3A4 by affinity chromatography (see below) for N- 
30 terminal sequence analysis, two farther plasmids, pCVf/ompA- 
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CYP3A4(His)e.andpCW/omp^(+2)-CYP3A4(his)6werealsoconstructed, 
in which six histidine residues were appended to the C-terminus of the 
P450. 

s Co-expression methodology 

The basic techniques for co-expression of P450 and reductase from 
separate compatible plasmids have already been described in the previous 
examples. 

10 

Coumarin 7-hydroxylate assay 



membrane assays were carried out in lOOmM Tris-HCl (pH 7.4) 
containing 20 pmol CYP2A6, 50/xM coumarin, and a NADPH generating 

15 system (described previously in Example 1), in a total volume of 500/*l. 
Assays on bacterial cells were performed in TSE buffer in a total volume 
of 5 ml. and contained 50 pmol CYP2A6 per ml incubation, and 50 fiM 
coumarin. Samples (500 fil) were withdrawn at intervals and analysed for 
metabolite formation. Processing of samples from cell and membrane 

20 assays was identical : reactions were stopped by the addition of 72 fil of 
12.5% trichloroacetic acid, and were then placed on ice. 
Dichloromethane (1 ml) was then added, and the tubes vortexed 
vigorously. Following centrifugation to separate then two phases, the 
upper (aqueous) layer was discarded. An aliquote (500 fil) of the lower, 

25 organic phase was then transferred to a fresh tube containing 3 ml of 30 
mM sodium borate buffer (pH 9.0). Tubes were then vortexed and 
centrifuged once more. The metabolite in the upper (aqueous) phase was 
then quantified fluorometrically, using excitation and emission wavelengths 
of 358 and 458 nm, respectively, by reference to authentic standard 

30 (umbelliferone, Sigma), 



SUBSTITUTE SHEET (RULE 26) 



W0 98M)2554 



PCT/GB97/01917 



79 

Purification of recombinant P450 and N-terminal sequence analysis 

Expression from pCW/(7m/7/l-CYP3A4(His)6 and pCV^/ompA(+2)- 
CYP3A4(His)6 was carried out as previously described. Following 
5 lysozyme treatment of the cells and centrifiigation, the spheroplasts were 
resuspended in binding buffer (20 mM potassium phosphate, pH 7.4, 
contaming 500 mM potassium chloride and 20% glycerol (v/v)) and stored 
at -70''C. Spheroplasts deriving from 125 ml culmre were typically 
resuspended in 9 ml buffer. For P450 purification, spheroplasts were 
JO thawed on ice and sonicated in the presence of the protease inhibitors 
aproiinin (1 /ig/ml), leupeptin (1 /zg/ml) and PMSF (1 mM), using a MSE 
SoniPrep 150 sonicator on 70% power. After centrifiigation (1.2x10^^, 
12 min, 4°C), the supernatant proteins were solubilised by stirring in the 
presence of Emulgen 911 (1 mg/mg protein) at 4°C for 60 min. The 
15 mixture was clarified by centrifiigation (10^^, 60 min, 4''C (and then 
loaded onto a Hi-Trap chelating column (Pharmacia) which had been 
charged with nickel ions and then pre-equilibrated with binding buffer 
containing 0.10% Emulgen 911 (w/v). The column was washed with a 
further ten column volumes of binding buffer (containing Emulgen 911), 
and then weakly-bmding protems were removed with five column volumes 
of wash buffer (binding buffer containmg 0.10% Emulgen 911 (w/v) and 
75 mM imidazole). The red P450 band was eluted with elution buffer 
(binding buffer containing 0. 10% Emulgen 91 1 (w/v) and 1 M imidazole) 
- the imidazole concentration was k^t high to elute the P450 into as small 
a volume as possible. The protein sample was dialysed overnight at 4*'C 
against several changes of anion-exchange buffer (20 mM Tris-Cl, pH 7.5, 
containing 20% glycerol (v/v), 0.2 mM dithiothreitol. 1 mM EDTA and 
0.10% Emulgen 911 (w/v)), and then loaded onto a Hi-Trap Q column 
(Pharmacia). The flow-through fraction, containing die P450, was then 
loaded onto an Econo-Pac® HTP canridge (Bio-Rad) equilibrated with 
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10 mM sodium phosphate, pH 7.4, containing 20% glycerol (v/v), 1 mM 
EDTA, 1 mM DTT and 0.05% sodium chelate (w/v). The concenttation 
of sodium phosphate was increased during column washing to 25 mM, and 
then to 100 mM, with the P450 elutmg at 400 mM phosphate. The purity 

5 of the P450 preparation at each stage of the procedure was assessed by 
SDS-polyacrylamide gel electrophoresis, on 9% acrylamide (w/v) gels, 
straining with Coomassie BriUiant Blue R-250. The N-terminal 
sequencing, purified proteins were then transferred onto Pro-blot 
polyvinylidene fluoride membrane (Applied Biosystems) and stained. N- 

10 terminal amino acid sequence analysis was carried out in the Department 
of Biochemistry, University of Dundee, using a Model 476A instrument 
(Applied Biosystems), with four to six cycles of Edman degradation. 

Results 

13 

Co-expression of ompA-P450s with reductase 

As reported previously, the P450 expressed from pCW/o/;^y4-CYP2D6 
couples well with co-expressed reductase, catalysing typical CYP2D6- 
20 dependent activities (see Example 2). Turnover measured for ompA- 
CYP2D6 were, in general, slightly higher than those measured from die 
corresponding pCW/17o!-CYP2D6 construct (data not shown). 

We have since co-expressed a number of other ompA-?450s with reductase 
25 in E. coU, including CYP3A4 and CYP2A6. In contrast to CYP2D6, 
diese two ompA-P450s do not appear to couple as efficiently with 
reductase as die corresponding 17a-P450s, since enzyme activities toward 
probe substrates are generally lower. For example, coumarin 7- 
hydroxylate activities in both cells and membranes are more dian an order 
30 of magnitude lower with ompA-CYP2A6 compared witfi 17a-CYP2A6 
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(Table B). Similarly, for CYP3A4. testosterone 6|8-hydroxylase activity 
in membrane fractions is reduced with the ompA- construct (Table C), It 
is interesting to note, however, that this difference between the two 
constructs is absent with a different probe substrate, nifedipine, us used 
5 (Table C). This emphasises the need to use several marker activities, 
wherever possible. 
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In order to try and find an explanation for the relative lack of coupling of 
the ompA'P450s with reductase, six histidine residues were appended to 
the C-terminus of the P450 expressed from pCW/ompA-CYP3A4. This 
allowed facile purification of the recombinant protein by nickel chelate 
5 affinity chromatography (described in Materials and Methods). This 
revealed that the ompA-FASO was not undergoing the expected processing 
by bacterial signal peptidase, in that the signal peptide was being retained. 
This may reflect the general level of over-expression of the P450, since 
it is known that the availability of signal peptidase can be limiting, 
10 especially for hybrid precursors with low processing efficiencies (van Dijl 
et al. (1991) MoL Gen. Genet. Ill, 40-48). 

Another factor which strongly influences signal peptidase activity is the 
structure around the site of signal cleavage (Duffaud and Inoyue (1988) J. 

15 BioL Chem. 263, 10224-10228; Barkocy-Gallagher et aL (1994) J. Biol 
Chem, 269, 13609-13613), including the first few amino-acids after the 
signal peptide (Barkocy-Gallagher) and Bassford (1992) 7. BioL Chem. 
267, 1231-1238; Nilsson and von Heijne (1992) FEBS Utt, 299, 243- 
246). Over-expression of proteins with non-cleavable signal peptides can 

20 completely block the translocation apparatus of the cell, leading to 
accumulation of protem precursors (Barkocy-Gallagher and Bassford 
(1992)/ Biol Chem. 161, 1231-1238). For our constructs, the sequence 
immediately following the signal peptide is the CYP3A4 N-terminus, The 
amino-acid at position + 1 relative to the site of cleavage will therefore be 

25 methionine, whereas alanine is strongly preferred in this position in 
bacterial genes (von Heijne (1986) Nucl Acids Res. 14, 4683-4690). 

We can therefore envisage three possible strategies for improving the 
probability of signal peptide removal. Firstly, the bacterial signal 
30 peptidase could be over-expressed from a separate, compatible plasmid. 
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several of which have been described (van Diji et aL (1991) Mol Gen. 
Genet. 227, 40-48; Dalbey and Wickner (1985) J. BioL Ghent. 260, 
15925-15931; March and Inouye (1985) 7. BioL Chem. 260, 7206-7213). 
As an alternative to, or perhaps in conjunction with, this first approach, 

5 it may also be advisable to introduce a short '^linker'' sequence between 
the signal peptide and the P450, although there may be disadvantages with 
producing a P450 with a short N-terminal extension. Finally, we could 
try expression in a different bacterial strain, since this has also been 
shown to affect the extent of removal of signal peptides from hybrid 

10 ftision proteins (Monteilhet et al. (1993) Gene 125, 223-228). 

In order to try and circumvent this problem of signal retention, we 
therefore decided to modify the cleavage site by introducing the first two 
amino acids of the mature OmpA protein (-Ala-Pro-) between the OmpA 

15 leader and the N-terminus of the P450. This resulted in the constructs 
pCW/om/7.4(+2)+CYP2A6 and pCW/omp>l(-h2)-CYP3A4 (described 
above). In contrast to the ompA-PASOs, these o;7^i4(+2)-P450s appeared 
to couple more efficiently with co-expressed reductase, resulting in higher 
substrate turnovers (Tables B and C). The recombinant protein expressed 

20 fi-om pCW/<?mp/l(+2)-CYP3A4(His)6 was subsequently purified and 
subjected to N-terminal sequence analysis. This revealed that the protein 
was now being correctly processed by bacterial signal peptidase, leading 
to the accumulation in bacterial membranes of native CYP3A4 containing 
Ala-Pro- at the N-terminus. 
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Summary 

The straight ftision of the ompA leader sequence to P450s does not always 
result in a P450 isoenzyme which couples with coexpressed reductase. 
5 Changing the amino acid residues at the potential cleavage site of the 
ompA sequence ftised to the P450 sequence results in coupling and 
efficient removal of the leader sequence. 
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CLAIMS 

L A bacterial cell containing a functional cytochrome P450 
monooxygenase system said cell comprising a genetic construct capable of 
5 expressing a cytochrome P450 and a genetic construct capable of 
expressing, separately from said cytochrome P450, a cytochrome P450 
reductase wherein the N-terminus of the cytochrome P450 and the N- 
terminus of the cytochrome P450 reductase are each adapted to allow 
functional coupling of said cytochrome P4S0 and said cytochrome P4S0 
10 reductase within said cell. 

2. A bacterial cell according to Claim 1 wherein said cell is a bacterial 
cell of the family Enterobacteriaceae. 

IS 3. A bacterial cell according to Claim 1 or 2 wherein said cytochrome 
P450 is a member of any of the cytochrome P450 CYPl, CYP2, CYP3 
or CYP4 families. 

4. A bacterial cell according to any one of Claims 1 to 3 wherein said 
20 cytochrome P450 is any one of the cytochrome P450 CYPIA, CYPIB, 

CYP2A, CYP2B, CYP2C, CYP2D, CYP2E, CYP3A, CYP4A or CYP4B 
subfamilies. 

5. A bacterial cell according to Claim 4 wherein the cytochrome P450 
25 is any of cytochrome P450s CYP3A4, CYP2D6, CYP2C9, CYP2D9, 

CYP2A6andCYP2El. 

6. A bacterial cell according to any one of the preceding claims 
wherein the cytochrome P450 reductase is human cytochrome P450 

30 reductase • 
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7. A bacterial cell according to any one of Claims 2 to 6 wherein the 
cell is an Escherichia coli cell or a Salmonella typhimurium cell. 

8. A bacterial cell according to any one of the preceding claims 
5 wherein the cytochrome P450 reductase comprises an N-terminal portion 

which directs the cytochrome P450 reductase to a cellular compartment or 
membrane of the bacterial cell. 

9. A bacterial cell accordmg to Claim 8 wherein die N-terminal 
10 portion directs die cytochrome P450 reductase to a membrane. 

10. A bacterial cell accordmg to Claim 8 or 9 wherein the N-terminal 
portion comprises any one of the on^A, pelB, malE or phoA signal 
peptide or a functionally equivalent variant thereof. 

15 

11. A bacterial cell according to any one of the preceding claims 
wherein the cytochrome P450 comprises an N-terminal portion which is 
adapted to increase the translatability of said cytochrome P4S0 in said 
bacterial cell. 

20 

12. A bacterial cell according to Claim 11 wherein the cytochrome 
P450, compared to its native sequence, is modified at the N-terminus 
thereof. 

25 13. A bacterial cell according to Claim 12 wherem the N-terminus is 
modified so as to provide efficient translation. 

14. A bacterial cell according to any one of Claims 1 to 10 wherein the 
cytochrome P450 comprises an N-terminal portion which directs the 
30 cytochrome P450 to a cellular compartment or membrane of the bacterial 
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cell. 

15. A bacterial cell according to Claim 14 wherein the N-terminal 
portion directs the cytochrome P4S0 to a membrane. 

5 

16. A bacterial cell according to Claim 9 or 10 wherein the N-terminal 
portion comprises the ompA, pelB, malE or phoA signal peptide or a 
functionally equivalent variant thereof. 

10 17. A bacterial cell according to any one of Claims 8 to 10 or 14 to 16 
wherein the N-terminal portion of the cytochrome P450 and the N- 
terminal portion of the cytochrome P4S0 reductase each du-ect the said 
cytochrome P450 or cytochrome P4S0 reductase to the same cellular 
compartment or membrane. 

15 

18. A bacterial cell according to Claim 17 wherein the N-terminal 
portion of the cytochrome P450 is substantially the same as the N-terminal 
portion of the cytochrome P450 reductase. 

20 19. A bacterial cell according to any one of the preceding claims 
further comprising a genetic construct capable of expressing a polypeptide 
cofactor which aids the correct folding of the cytochrome P450 or the 
cytochrome P450 reductase, 

25 20. A bacterial ceil according to Claim 19 wherein said polypeptide 
cofactor is a molecular chaperone. 

21. A bacterial cell according to any one of the preceding claims 
further comprising a genetic construct capable of expressing a polypeptide 
30 cofactor which aids transfer of electrons between the cytochrome P4S0 and 
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22. A bacterial cell according to Claim 21 wherein said cofactor which 
aids transfer of electrons between the cytochrome P450 and the 

5 cytochrome P450 reductase is cytochrome or the FMN domain of a 
cytochrome P450 reductase. 

23. A bacterial cell according to Claim 21 or 22 wherein said cofactor 
which aids transfer of electrons comprises an N-terminal portion which 

10 directs the cofactor to a cellular compartment or membrane of the bacterial 
cell. 

24. A bacterial cell according to any one of Claim 8 to 10 or Claim 14 
to 17 wherein the N-terminal portion of the cytochrome P450 and the N- 

15 terminal portion of the cytochrome P450 reductase and the N-terminal 
portion of the cofactor each direct the said cytochrome P450 and 
cytochrome P450 reductase and cofactor to the same cellular compartment 
or membrane. 

20 25. A bacterial cell according to Claim 24 wherein the N-terminal 
portions of the cytochrome P450 and the cytochrome P450 reductase and 
the cofactor are substantially the same as each other. 

26. A bacterial cell according to any one of the preceding claims 
25 further comprising a genetic construct capable of expressing any one of an 

enzyme capable of metabolising the product of a reaction catalysed by the 
cytochrome P450 monooxygenase system. 

27. A bacterial cell according to Claim 26 wherein said enzyme is any 
30 of a glutathone S-transferase, an epoxide hydrolase or a UDP-glucuronosyl 
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transferase. 

28. A bacterial cell according to any one of the preceding claims 
wherein the cytochrome P450 and the cytochrome P450 reductase are 

5 encoded by different genetic constructs. 

29. A bacterial cell according to any one of Claims 1 to 27 wherein the 
cytochrome P450 and the cytochrome P450 reductase are encoded by the 
same genetic construct. 

10 

30. A bacterial cell according to any one of the preceding claims 
wherein said cell is permeable to a compound which is a substrate of the 
cytochrome P450 monooxygenase system. 

15 31. A method of convertmg a substrate for cytochrome P450 into a 
product, the method comprising admbcing said substrate with a bacterial 
cell according to any one of the preceding claims wherein said cell 
contains a functional cytochrome P450 monooxygenase system which can 
convert said substrate. 

20 

32. Use of a bacterial cell according to any one of Claims 1 to 30 for 
converting a substrate of a cytochrome P450 into a product. 

33. A bacterial cell containing a cytochrome P450 comprising a genetic 
25 construct encoding, and capable of expressing, said cytochrome P450 

wherein the cytochrome P450 comprises an N-terminal portion which 
directs the cytochrome P450 to a cellular compartment or membrane of 
die bacterial cell. 

30 34. A bacterial cell according to Claim 33 wherein the N-terminal 
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portion directs the cytochrome P450 to a membrane. 

35 . A bacterial cell according to Claim 33 or 34 wherein the N-terminal 
portion comprises the ompA, pelB, malE or phoA signal peptide or a 

s functionally equivalent variant thereof. 

36. A bacterial cell according to any one of Claims 33 to 35 wherein 
the cytochrome P450 further comprises a peptide sequence which will aid 
purification of the cytochrome P450 from the bacterial cell. 

37. A bacterial cell according to Claim 36 wherein said peptide 
sequence comprises a binding site for a compound. 

38. A bacterial cell according to Claim 37 wherein said peptide 
sequence is -(His)„ where n > 4 and said compound is nickel. 

39. A method of preparing cytochrome P450, the method comprising 
the steps of (a) providing a sufficient quantity of cells according to any 
one of Claims 33 to 38 and (b) separating the cytochrome P450 from the 
other cellular compartments. 

40. A genetic construct capable of expressing a cytochrome P450 
wherein the cytochrome P450 comprises an N-terminal portion which 
directs the cytochrome P450 to a cellular compartment or membrane of a 
bacterial cell. 

41 . A plurality of bacterial cells according to Claims 1 or 33, each cell 
containing a genetic construct capable of expressing a different cytochrome 
P450 or containing a genetic construct or constructs which encode 
different combinations of cytochrome P450 and cytochrome P450 
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reductase or further combinations of other polypeptides. 
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 21D 



1. Claim : 1 to 32 and 41 

Bacterial cells containing a genetic construct capable of 
expressing a cytochrome P450 and a genetic construct capable 
of expressing separately a cytochrome P450 reductase where 
the N-terminus of the cytochrome P45Q and the reductase are 
adapted to allow coupling, method of converting a sustrate 
for cytochrome P450 using the bacterial cell. 



2. Claim : 33 to 4Q 

A bacterial cell containing cytochrome p45Q comprising a 
genetic construct and capable of expressing said cytochrome 
p450 wherein the N- terminal portion of the cytochrome P450 
comorises an N-terminal portion which directs the cytochrome 
P450 to a cellular compartment or membrane of the bacterial 
cell and genetic constructs which express said cytochrome 
P45Q. 
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